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I. INTRODUCTION

The Army Scientific Advisory Panel, in its Summer Study 76 (I)*, recommended

a research program on high-energy fuels, i.e., fuels that could increase the

payload capabilities and/or extend the operational range of both its tacti-

cal and combat vehicles. The development of such a fuel or fuels would need

to be conventional enough that they could be used in present and future Army

vehicles, yet novel enough that they contain the high-energy (per unit

volume) requirement necessary to fulfill the need.

The Air Force and Navy are also interested in high-energy (high-density)

fuel development. The Air Force at its Aero Propulsion Laboratory at

Wright-Patterson Air Force Base has been actively evaluating hydrocarbon

blends that are potential performance improvers for its air-breathing type

missile systems. This class of fuel would be exceptionally good for use in

the strategic cruise missile whose maximum effectiveness depends on maximum

range, minimum time to reach the target, and minimum weight. Since small

missiles, such as the cruise, are volume-limited, it is imperative that the

fuel contains a high-energy content per unit volume. In general, an in-

crease in the volumetric energy content of a fuel will result in the range

of the missile being increased by a like percentage. Although several ways

are available to increase the energy content of a given quantity of fuel,

the most applicable for missile use is to increase the fuel's density.

Research on high-density, high-energy liquid hydrocarbon fuels by the Air

Force and Navy continues. This work is being closely monitored by the U.S.

Army. A few of these fuels that may be of interest to the Army are des-

cribed later. The purpose of this program was recently reaffirmed and

summarized in a letter from U.S. Army Mobility Equipment Research and Devel-

opment Command (USAMERADCOH) to Army Fuels and Lubricants Research Labora-

tory (AFLRL).(2) The letter stated that the purpose of the High-Energy Fuel

Program is to provide the user with a fuel having the following charac-

teristics:

*Uriderscored numbers in parentheses refer to the list of references given at
the end of this report.

9
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4 Increases range by 10 percent without any increase in fuel tank

ri

volume;

Does not require any engine modification;

0 Is in liquid form for use in existing equipment (two-phase fuel

acceptable);

* Sao no detrimental effect on the engine;

• Is able to use the existing rdel-handling and transportation

equipment;

* Displays no unusual toxicology problems (compared to existing

petroleum fuels);

• Considers cost when the above-mentioned requirements are achieved;

* Is available for user acceptance test by FY83;

* Is not considered as a booster for the PRP only, but should per-

form by itself, as specified.

An interim report,(3) released in October 1979, covered the progress made on

the Army High-Energy Fuels Program from October 1977 until October 1979.

The current report covers the period from October 1979 through September

1981.

II. APPROACH

The approach has been to identify those fuels and fuel components that have

the potential of being high-energy fuel candidates or components for pre-

paring such fuels. A series of screening processes were used to single out

these fuels.

The initial screening uses the volumetric heat of combustion (Aic) as the

main criterion. The physical and chemical properties of the fuel and fuel

components are determined in the laboratory whenever possible or values from

the chemical literature are used. Density and percent hydrogen are deter-

mined on the fuel whenever feasible since they are used to convert the

10
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gravimetric determined (ASTh D 240-76) gross AHc to the net volumetric AHc

value.

The experimental gross gravimetric heat of combustion, as measured by ASTh :W

Method D 240, is usually reported in British thermal units (Btu) per pound.

If the hydrogen content of the sample is known, this value can be converted

to the net gravimetric heat of combustion. Knowing the density of the

sample, the volumetric heat of combustion can be obtained. In this report,

this value viii be expressed in Btu per gallon.

ASTh Method D 240 states that duplicate results by the same operator should

be considered suspect if they differ by more than 55 Rtu per pound and the

results by two or more laboratories should be considered suspect if they

differ by more than 175 Btu per pound.

In this report, as a matter of convenience in presenting and comparing the'

data, the last digit in the gravimetric heat of combustion value is adjusted

to the nearest multiple of five. This can be done since the last digit is

an order of magnitude less than the precision of the method.

Most of the fuels and fuel blends described in this report are liquids at

room temperature. The selection was intentional, as liquid fuels are easier

to handle and transport in existing fuel equipment and would undoubtedly run

with less problems in diesel and turbine type engines than slurried fuels.

However, promising slurried fuels were also tested. The second screening

process usas a Petter engine as the screening tool. This engine, described

in detail later, was adequate for this use. A highly instrumented CLR

engine was used in a few of the screening tests, but because of the uncer-

tainty of its availability when needed and its time-consuming operation, a

simple screening device was needed. The Petter engine proved to be a suit-

able choice. This CLR engine will be used henceforth only in testing those

fuels showing the greatest promise from the results of the first two screen-

ing tests. Only after passing this final screening with the CLR engine was

the candidate fuel considered for the extensive engine tests necessary for

qualifying it as a high-energy fuel.

111
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Figure I illustrates the steps in the testing procedure for qualifying a

high-energy fuel.

SELECTION OF CAKO|OTE L
SCREENING

CANODAOTE LADBORA TORY
FUEL

ENGINE i'
jPETTER

CLR ENGINEI

FULL/, CALE1GE N G I N E-

T EST S 
_

VEHICLE •NFAGY1+TESTI NG FUEL

FIGURE 1. FLOW CHART OF us'rt[mG PROCEDURE
FOR EVALUATING HIGH-ENERGY FUEL

MERADCOM Commander, during a visit to AFLRL 13 March 1978, commented on the

desirability of developing a high-energy fuel that was fire safe, and that

the High-Energy Fuel (HEY) Program and the Fire-Resistant Fuel (FRF) Program

should eventually mergo.

Efforts hL'e been made during the last 2 years to interface the HEF and FRF

programs whenever possible, without diluting the goal of achieving a high-

energy fuel that meets the characteristics described earlier,

1I1. TECHNICAL PROGRAM

A. Liquid High-Energy Components

Some of the liquid components described below and listed In Table I could

12
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TABLE 1. LIQUID HIGH-ENERGY COMPONENTS

Density

15.56'C (60"F) Aft (net) Afc (net)
Component (A/ml) Stu/gal. Btu/lb /Cal.

R J-5 1.089 160,390 17,735 86.00(a)
JP-10 0.940 144,615 18,435 15.15(a)
1J-6M 1.001 150,070 17,970 40.00(a)
Tetralin

(Tetrahydrouaphthalene) 0.972 140,990 17,580 13.90(b)
Furfural Extract 0.987 143,415 17,565 1.25(c)
SRC-II
(a) 2.9:1 middle distillate

to heavy distillate 0.999 137,895 16,540 0.62 to
0.69(d)

(b) middle distillate 0.984 134,755 16,410 0.61 to0.69(d) i

Polycyclic Aromatic
Blending Stock 1.017 140,340 16,340 1.38(e)

No. 5 Burner Oil 0.917 137,700 17,995 1.90 to
1.93 (f)

No. 6 Fuel Oil 0.978 141,575 17,350 0.80 to
0.82

DF-2 (Cat 1-Hl) 0.8504 132,365 18,665 [.69(h)
DF-2 (Typical) 0.8484 130,615 18,450 1.00

(a) Estimated price in quantities of 5000/6000 gal. (Ashland
Chemical Co.)

(b) Estimated price in 40,000 gal. quantities (DuPont)
(c) Estimated price--Ashland Chemical Co.

(d) Wholesale net back to the plant: Bulk shipment. Excludes trans-
portation, tax, handling, sales margin, distrtbution costs.(4)

(a) Tank car; tank truck FrOB W. VA.
(f) Truck transport, FOB Chicago

(g) Truck transport, FOB Baltimore (0.5% sulfur)
(h) 8,000-10,000 gallons

possibly be used as fuels vithout further modification or blending with

other materials; sow may require a small amount of cetans improver; and

some may be too costly to use neat but are desirable as a component because

of some beneficial property, such as a very high volumetric heat content,

viscosity improver, etc.

13



1. RJ-5

This synthetic liquid hydrocarbon fuel was described in an earlier re-

port.(Q) It was one of the first high-density fuels of the polycondensed

ý,:.:loparaffic type studied and is currently being produced by Ashland Chem-

ical Company. The typical properties of this fuel, as supplied by the

manufacturer, are liEted in TabLe 2. RJ-5 has the highest volumetric heat
C|

TABLE 2. TYPICAL PROPERTIES OF RJ-5

Specific Gravity, 15.56"C (60*F) 1.06 (min)

Existent Gum, mg/1O0 ml 7.0 (max)

Aromatics, vol% 1.0 (max)

Sulfur, total, vt2 0.06 (max)

Pour Point, "C (OF) -28.9 (-20)

Net heat of combustion, Btu/Lb 17,750

Net heat of combustion, Btu/Sal. 160,000 (min)

Viscosity, cSt

at -53.9"C (-65-F) 20,000 (max)

at -1.1*C (-300F) 1,400 (max)

at 37.7"C (100-F) 15 (max)

Flash Point, "C (OF) 65.6 (150)

of combustion of any liquid component tested (-160,000 Btu/Sal.), but is

expensive. Impact dispersion tests (5) using fuel blends of RJ-5 with DF-2

and with FR? indicated that RJ-5 had fire-resistance properties under the

conditions of the test. The result of these tests are described in Section

III. E. of this report.

2. JP-10 (Exo-Tetrahydrodicyclopentadiens)

JP-10 was also described in Reference 3. The typical properties of JP-10

are shown in Table 3.

14



F
TABLE 3. TYPICAL PROPERTIES OF JP-1O

Exo-tetrahydrodicyclopentadiene (C1 0 R1 6 )

Molecular Weight 136.2
C:H Ratio 0.62 r

Specific Gravity @ 15.60C (60*F) 0.94
Heating Value, Btu/gal. 142,000
Viscosity, cSt @ -40C (-104-F) 19
Freezing Point, 0C (9P) -78.9 (-110)
Flash Point, 'C, (*F) 57.2 (135)

3. RJ-6M

This high-energy candidate is the latest to emerge. It has been tested in

the laboratory and later screened using the Petter engine. RJ-6M was de- j
veloped by Ashland Chemical Company, and its composition at present is

proprietary. Table 4 lists the typical properties of this fuel as supplied

TABLE 4. PROPERTIES OF RJ-6M

Density @ 15.56"C (606F) 1.001 g/ml (8.352 lb/sal.)
Net Heat of Combustion

Btu/lb 17,968
Btu/gal. 150,069

Viscosity @
-17.86C (09F) 68.5 cSt
-31.7"C (-25"F) 110 cSt
-34.4"C (-30"F) 240 cat
-40.0"C (-104"P) 360 cSt

Flash Point, *C (*F) 65 (140)

by the manufacturer.* The AFLRL experimentally determined catane numbers,

with and without cetane improver, are listed in Table 5. This fuel is a

good high-energy candidate.

*Ashland Chemical Co., Dublin, Ohio
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TABLE 5. EXPERIMENTALLY DETERMINED CETANE NUMBERS
OF RJ-6M WITH AND WITHOUT CETAKE IMPROVER

Cetane No.

RJ-6M (neat) 30

RJ-6M + 0.4 vtZ amyl nitrate 39

RJ-6H + 0.8 vt% amyl nitrate 45

4. Tetrahydronaphthalene (Tetralin*)

1,2,3,4-tetrahydronaphthalene, commonly referred to as tetralin, is the

product of the partial hydrogenation of naphthalene and is a solvent for

oils, resins, asphalt, rubber, and waxes. The typical properties of

tetralin solvent as supplied by the manufacturer are shown in Table 6.

The Hc and elemental analysis were determined at AFLRL.

Certain safety precautions are necessary with its use. On a one-time

exposure, it may cause a mild irritation to the skin and eyes. Repeat

TABLE 6. TYPICAL PROPERTIES OF TETMALIN SOLVENT

Molecular Weight 132.2
Boiling Point (760 m- Hg), °C (*F) 207 (405)
Freezing Point, "C (7F) -31 (-24)
Specific Gravity, 200C 0.970
Vapor Pressure, am HS
@ 1000C 27
@160"C 221

Solubility in water Negligible
Flash Point, tag closed cup, "C (*F) 82 (180)

A~c Btu/lb (net) 17,578
ARc Btu/sal. (net) 140,295

Elemental Analysis, wt%
Carbon 90.84
Hydrogen 9.16

*Du Pont Co., Wilmington, Dilawere

16

_______________________



exposure is more hazardous, as it can defat the skin, causing it to crack and

lead to secondary infection. Studies with animals have caused liver and

kidney damage and cataract formation by repeated oral or inhalation exposure.

5. Extract From Furfural Unit

It was noted in a recent report (6) that the extract from the furfural unit

in a lube plant has a relatively high heating value (154,000 Btu/gal.), but

will probably vary, depending on the type of lube stock being processed.

Several refineries in the United States use the furfural unit in their

processes. Samples were requested from two of these refineries.

One sample (NuflexA has been received from its manufacturer* with a data

sheet containing its typical properties. The ARc was determined at AFLRL

and found to be somewhat lover than expected. However, the extract would

be expected to vary, depending on the lube oil being treated. The proper-

ties of the furfural extract are listed in Table 7. This product should be j
TABLE 7. PROPERTIES OF FURFURAL EXTRACT

API Gravity @ 15.6C (600F) 11.8
Density, lb/gal. @ 15.6"C (60"F) 8.223
Viscosity @ 37.8"C (100"F), SUS 288
Viscosity @ 98.9C (210"F), SUS 44.4
Aniline Point, "C (*F) 19.4 (67)
Flash Point, COC, *C (*F) 207.2 (405)
Refractive Index, 20"C (68"F) 1.5645
Pour Point, 'C (F) 1.7 (35)
Clay Gel Analysis
Saturates, Wt2 12.0
Polar Compounds, wt% 8.6
Aromatics, wt% 79.4
Asphaltenes, wt% 0

Elemental Analysis
Sulfur, wt% 2.5-3.0
Nitrogen, ppm 1500-2000
Hydrogen, wt% 7.5-8.0
Carbon, wt% 89-90

Net A Hc
Btu/lb (net) 17,540-17,590"*
Btu/gal. (net) 144,455-142,375

**Ranes given; actual value depends on percent of hydrogen present

*Ashland Chemical, Dublin, OH
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relatively inexpensive, and further testing of the product is planned.

6. SRC-II (Solvent-Refined Coal II)

A process is under development for transforming high-sulfur coal into dis-

tillate fuels and various gaseous products. Plans have been made to con-

struct a 6000-ton per day demonstration plant for DOE near Morgantown, WV,

but as of this date these plans have been temporarily suspended. The use of

SRC-II fuels for steam was expected to become competitive with petroleum-

based fuels within 10 years.(7) A sample of a fuel oil blend (2.9:1 middle

distillate:heavy distillate) was obtained from a solvent-refined coal

pilot plant at Fort Levis, WA. The analyses received with the sample were

for a batch blend; not for the specific sample reported here. These analy-

see are listed in Table 8. Tests conducted at AFLKL indicated that the

sample received was a repregentative one. j

TABLE 8. PROPERTIES OF SRC-I1
(2.9 to 1, Middle Distillate to Heavy Distillate)

Specific Gravity, 15.6"C (600C) 0.999
"APT at 15.6C (60C) 10.14
Viscosity

@ 43.3"C (1I0*F), cSt 4.527
@ 98.9"C (210"F), cSt 1.289

Flash Point, ASTM D 93, "C (*F) 71.1 (160)
Heat Content

Btu/lb (net) 16,540
Btu/gal. 137,895

Coal Tar Acid, ml/100 g 25.9
Sulfur, wt% 0.21
Ash, 2 0.02
tBP, *C ('F), ASTh D 86 170 (338)
End Point, 'C ('F) 371 (700)
Hydrogen*, wt% 8.64

*Determined at APLWL
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The fuel listed in Table 8 was known to be highly aromatic and to have a

very low cetane number. The cetane test engine would not run on SRC-II

neat. Therefore, 3 wt% and 5 wtZ amyl nitrate (a cetane improver) was added

to samples of the above fuel oil blend, and cetane determinations were made z

at AFLRL. The results are shown in Table 9.

TABLE 9. CETANE DETERMINATIONS OF SRC-II
WITH VARIOUS CONCENTRATIONS OF CETANE IMPROVER AND BLENDED WITH DF-2

Wt% SRC DF-2 Wt% Amyl Resulting
(AL-8321-F) (AL-7225) Nitrate Cetane Number

100.0 .- Engine would
not run

-- 100.0 - 49
97.0 --- 3.0 18
95.0 -- 5.0 27
48.5 48.5 3.0 37
48.5 50.0 1.5 29

Indicates none of this material used in the blend.

Even with the amyl nitrate added, the cetane number of this SRC-1I was still

ralatively low. A sample from this fuel (without cetane improver) was run

in a CLR engine as a 50:50 mixture with diesel fuel on another program at

Southwest Research Institute (SwRI). No difficulties were experienced on

this brief run*

Another sample of SRC-II from the same source was almost entirely middle

distillate. Cetane number was determined to be 16. The properties of this

fuel, determined at AFLRL, which related to the high-energy fuel program are

summarized in Table 10, and the complete inspection data on this SRC-1I

middle distillate sample can be found in Appendix A, No. 1. The saiety and

toxicological aspects of solvent-refined fuels are given In Appendix A. No.

2.
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TABLE 10. PROPERTIES OF SRC-1I (Middle Distillate)

Specific Gravity, 15.6/15.6*C (60*C) 0.9840
Viscosity

@ 37.8C (100°F), cSt 3.83
@ 40.0"C (104"F), cSt 3.68

Flash Point, ASTH D 93, *C (*F) 80 (176)
Heat of Combustion

Btu/lb 16,410
Btu/gal. 134,755

Hydrogen, wtZ 8.64
Ash, wt 0.0023
Cetane No. 16

7. Polycyctlic Aromatic Blending Stock

Another refinery product that is relatively inexpensive and has a fairly

high volumetric heat of combustion is a polycyclic aromatic blending stock.

Its properties, as determined at AFLRL, are listed in Table It.

TABLE 11. PROPERTIES OF POLYCYCLIC AROMATIC BLENDING STOCK

Specific Gravity, 15.6/15.6"C (60C) 1.0173
Heat of Combustion

Btu/lb (net) 16,535
Btu/gal. (net) 140,340

Carbon, "tZ 90.89
Hydrogen, wt% 7.70
FIA (Aromatics), wt% 97
Monoaromatics, wt% 7.2
Diaromatics, vt% 75.2
Triaromatics, wtZ 1.4
Olefin, wt% 1.4
Saturates, wtZ 1.5
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8. Burner Oil No. 5

* This fuel is included as a blending component because of its moderately high

volumetric heat content and relatively low cost. Its properties, as deter-

mined at AFLRL, are listed in Table 12.

TABLE 12. PROPERTIES OF NO. 5 BURNER OIL

Cetane No. 41.0
Viscosity, 40"C (1040F), cSt 185.9
API Gravity, 15.6%C (60'F) 22.8
Density, g/ml, 15.6*C (60'F) 0.9170
Flash Point, ASTm D 93, "C (OF) 108 (227)
Sulfur, wt% 0.66
Pour Point, *C ('F) 21 (70)
Ash, wt% 0.248
Hydrogen, wt%* 13.86
Heat of Combustion

Btu/lb (net) 17,995
Btu/gal. (net) 137,700

Copper Strip Corrosion, SOC (122*F)
ASTM D 130 la

*Calculated

9. No. 6 Fuel Oil (Bunker C)

This is a heavy residual oil that requires preheating before it can be

burned. It is used as a fuel for industry and ships, and can be obtained

from straight-run or cracked reswdiums in the refinery operation. This oil

is comparatively inexpensive with a relatively high volumetric beat of

combustion. The properties are listed in Table 13.
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TABLE 13, PROPERTIES OF NO. 6 FUEL OIL

Cetane No. 26
Viscosity, 40% (1049F), cSt 137.89
*API Gravity, 15.6C (60'F) 13.2
Density, 15.6*C (60*F) 0.978
Sulfur. vtZ 1.5
Pour Point, *C (*F) -3 (27)
Ash, wt% 0.47
Hydrogen, wt% 10.58
Heat of Combustion

Btu/Ib (net) 17,350

Btu/gal. (net) 141,575

10. JP-9

This is a three-component blend of JP-10 (65-70 wt%), RJ-5 (20-25 wt%), and

methylcyclohexane (10-12 wt%). It has a net volumetric heatiag value of

approximately 142,000 Btu/gal. with a flash point of 24*C. Only a limited

amount of testing was done with this fuel.

B. Solid High-Energy Components

Some of the solid components described below and listed in Table 14 are

materials that are soluble in other liquid components or in DF-2. They can

be used to augment the energy content of the component or fuel in which they

are dissolved. In cases where the solubility is not appreciable, slurries

are a definite possibility, although one-phase liquid fuels are the more

desirable.

1. Naphthalene
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TABLE 14. SOLID HIGH-ENERGY COMPONENTS

Net Heat of Combustion,

Solid Component~a) Density, "C Btu/lb
15.56

Naphthalene 1.17856 (b)(c) 16,720 (b)(c)

1.162,r (d) 16,725 (e)

Phenanthrene 1.179 25 (d) 15,935 (g)

1.063 15.56M
15.56

Anhrcee1.283 2T5"(f

Anthracene 1.283-•5 (h)(i) 16,695 (g)
27

1.25 EZ (d)(j) 16,725 (k)

16,770 (c)

SRC-I 1.2 (k) 15,215 (g)15.56

Carbon Black (n) 1.80 15.56 (e) 13,875 (g)
(Raven 1170)

Notes:
(a) Solid at room temperature.
(b) Technical Data Book - Petroleum Refining, 2nd Edition, 1970, American

Petroleum Institute, Washington, D.C.
(c) Extrapolated from higher temperature.
(d) The Merck Index, Ninth Edition, Merck & Co., Inc., Rahway, N.J.
(e) Calculated from data in CRC Handbook of Chemistry & Physics, 59th

Edition, CRC Press, West Palm Beach, FL.
(f) The Condensed Chemical Dictionary, Fifth Edition, 1958, Reinhold Pub-

lishing Co., NY
(g) Experimentally determined at AFLRL.
(h) CRC Handbook of Chemistry & Physics, 59th Edition, CRC Press, West Palm

Beach, FL.

(i) Dictionary of Organic Compounds, Revised Edition, 1953, Oxford Univer-
aity Press, NY.

(j) Calculated from data in note (h) and corrected to net value. Litera-
ture value at 250C.

(k) Calculated from data in note (i) and corrected to net value. Litera-
ture value at constant pressure.

(1) Temperature of measurement not given in reference; from Table of Typi-
cal Properties of SRC-I Product, Coal, Feed-Western Kentucky Bituminous,
Synthetic Fuels Data Handbook, 2nd Edition, Cameron Engineers, Inc.,
Denver, CO.

(m) Manufacturer (Cities Service Co., Columbian Div., Akron, OH) suggests
this density for practical purposes in calculating formulations.

(n) See Appendix H for the properties of the carbon cks used in this
report.
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Naphthalene can be derived from coal-tar oils or produced by dealkylation of

a refinery stream containing heavy aromatics such as those found in a heavy

reformat. or from cycle stock from a catalytic cracker.

Naphthalene is used in the manufacturing of phthalic anhydride and 2-naph-

thol. It is the raw material used in the preparation of various pharma-

ceutical products and the making of synthetic organic dyes, and is also used

as an intermediate in the preparation of tetralin and decalin. Its use as a

moth repellant and insecticide has declined since chlorinated compounds were

introduced for that purpose.

2. Anthracene

Anthracene is obtained from coal tar distillation. It is either insoluble

or has very limited solubility in most organic liquids. The solubility of

anthracene is discussed in Section III. D. Ia of this report.

3. Phenanthiene

Phenanthrene is an isomer of anthracene that is also obtained from coal tar.

As discussed in Section III. D. 2a, it is more soluble than anthracene in

all of the material tested at AFLRL.

4. SRC-_

The process for converting a high-sulfur, high-ash coal to a low-sulfur,

low-ash solid fuel is knowa as the SRC-I process. The typical properties of

SRC-I prepared from a western Kentucky bituminous coal are shown in Table

15.
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TABLE 15. TYPICAL PROPERTIES OF SRC-I (7)

Carbon, wt% 88.0
Hydrogen, wt% 5.9
Nitrogen, vt% 2.2
Sulfur, wt% 0.7
Oxygen, wt% by difference 3.1
Ash, wt% 0.2
Forms of Sulfur

Sulfate. wt% --

Pyritic, wt%
Organic, wt% 0.7

Heating Value, Btu/lb 16,250
Fusion Point, *F

(gradient bay) 350
Density, gm/cm 1.2

I
It is assumed that the heating value listed in Table 15 is the gross heating

value. The gross A Bc was determined by running a sample of SRC-I at AFLRL.

The sample had a gross Aec of 15,750 Btu/lb and a net value of 15,215 Btu/

lb.

5. Carbon Black

The use of carbon black in preparing slurries with various liquid hydro-

carbons to increase the vol • energy content is still a good possi-
bility. The properties of carbon blacks and the slurry technology have been
described in Reference 3.

C. Blending and Characterization of Liquid Fuels

The properties of the blended fuels prepared from the various components

were compared to a DF-2 Diesel Control Fuel* that meets the Environmental

Protection Agency (EPA) specification for emission testing**. The proper-

ties of this baseline fuel are listed in Table 16, while the properties of

• From Phillips Chemical Company, Bartlesville, OK
•**As described in Chapter One, EPA, Part 86.177.6
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TABLE 16. LABORATORY INSPECTION OF BASELINE FUEL*
(CONTROL FUEL)

Gravity, *API 34s8
Specific Gravity 0.8509
Distillation, D 86 *C (*F)

IBP 196 (384)
5 212 (414)
10 222 (432) ,•
20 234 (454)
50 266 (510)
90 301 (574)
95 309 (588)
EP 320 (608)
Recovery, Z 98.5

Viscosity, cSt @ 40*C 2.48
Flash Point, °C ('F) 71.7 (161)
Pour Point, "C (°F) -21.7 (-7) I
Hydrocarbon Type (FIA), vol%

Aromatics 29*6
Olefins 1.6
Saturates 68.8

Elemental Analysis, vt8
Carbon 86*63
Hydrogen 12.85
Sulfur 0.34

*H:C Atom Ratio 1,78
Heat of Combustion

Gross, Btu/lb 19,265
mg/kg 44.81

Not, Btu/lb 18,095
mg/kg 42.08

Btu/gal. 128,465
Accelerated Stability, mg/100 ml 0.3
Existent Gum, mg/200 ml 3.9
Cetane No. 48.0

*AFLRL Fuel No. AL-9649-F.

other diesel fuels used ir. this report can be found in Appendix B. The

volumetric heat content of a fuel serves as a guide to forecast the fuel's

ability to increase the range of a vehicle in which it is used, and should

be a useful tool in deciding which fuels should advance to the next screen-

ing stage, i.e., engine testing.
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The composition of the fuel blends in this report are listed as weight

percent. In the blending of fuels, it is sometimes more convenient to

measure the fuel components by volume and then weigh them. For this reason,

the weight percents usually result in fractions of whole numbers.

Since a high-energy fuel candidate should have a high volumetric heat of

combustion, and heats of combustion are usually expressed in Btu's per

pound, it would be convenient to have a conversion chart that would indicate

quickly if a fuel might qualify as a high-energy fuel (knowing the density

and Btu's/lb). Figures 2 and 3 can be used for this purpose. These figures

illustrate the large effect that slight changes in density make upon the

volumetric heat content of the fuel.

1. SRC-II

SRC-Il, middle distillate, has a volumetric Ai~c of approximately 134,750

Btu/gal. Since the goal of the high-energy fuel program is a 10-percent

increase in range without any increase in fuel tank volume, SRC-I1 needs to

be augmented with a component of higher volumetric heat content such as

RJ-5.

a. Augmenting SRC-1I With RJ-5

Table 17 shows the experimental results of augmenting SRC-lI fuel with RJ-5.

Since both components have low cetane ratings, it would probably be neces-

sary to add a cetane improver, such as amyl nitrate, when using it in a

diesel engine. The disadvantage of using RJ-5 is its high price.

b. Autmenting SRC-Il With JP-10

Blending SRC-Il (middle distillate) with JP-10 had only a slight effect on

increasing its energy content (volumetric heat of combustion). For example,

an equal mixture by weight of JP-l0 and SRC-II, with I percent amyl nitrate

added, increased the energy content by only 0.3 percent. The low heat

content of amyl ritrate (10,600 Btu/lb) contributed to hindering the in-

crease in energy. This cursory study is included in Table 18.
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c. Augmenting SRC-II With LJ-6M

In Section III.A.3, RJ-6M was discussed. Only a limited amount of work has

been done with this fuel since it was received Just prior to the writing of

this report. It is much less costly than RJ-5 and has a rather high heat

content of 150,070 Btu/gal. (16.8 percent improvement compared to control

fuel).

Some calculated values of blends of RJ-6M with SRC-II are listed in Table

18. For example, a 50:50 mixture by weight results in a blend having a 10.8

percent increase in volumetric heat content when compared to the control

fuel. The cetane number on RJ-6M was determined at AFLRL and found to be

30. Addition of 0.4 and 0.8 wt% amyl nitrate increased the cetane number to

39 and 45, respectively.

RJ-6M must be considered as an excellent candidate fuel at this point in its

testing.

2. Tetralin

a. Blends With DF-2

Tatralin has a low cetane number and would require either a substantial

amount of cetans improver or would need to be blended with another component

in order for it to be run in a diesel engine. Blends of tetralin with DF-2

are shown in Table 19. The blend containing 75 wt% tetralin. 24 wt% DF-2
(Cat 1-H; 53 cetane number) and 1.0 wt% cetane improver was run in the

Petter engine vithout difficulty.

b. Blends With No. 6 Burner Fuel

A 50%50 blend by weight of tetralin and No. 6 burner fuel would probably

need a cetane improver, but indications are that it would have a 10-percent

improvement in heat content over that of the control fuel.
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3. No. 6 Burner Fuel

a. Blend of No. 6 Burner Fuel With Cat 1-H Diesel

Another possible high-energy fuel is a blend of No. 6 burner fuel with

another component that would make the properties of the burner fuel accept-

able. For example, a blend containing approximately 90 vt% No. 6 burner

fuel, 9.0 wt% DF-2 (Cat 1-H) and 1.0 wt% amyl nitrate resulted in a fuel

that had a net volumetric heat of combustion of 141,275, or a 10 percent

improvement over the control fuel. The viscosity as measured by ASTM D 445

decreased from 185.9 cSt at 400C C104"F) in the No. 6 burner fuel to 71.5

cSt at 40"C in the blend. The cetane number of the No. 6 burner fuel was

26, while that of the Cat I-H was 53, which means the blend would be up-

graded in cetane number even without the cetane improver (see Table 19).

The properties of the Cat I-H fuel are in Appendix B, No. 1.

4. RJ-6M

Since this is one of the most recent candidate fuels, blending studies with

other fuel components have not yet been started. However, from the limited.

data available and from the Petter engine tests (to be described later),

this synthetic hydrocarbon gives all indications of being an excellent

high-energy fuel and/or component.

5. Furfural Extract

This material is also a recent candidate for the high-energy fuel program

and its testing has been limited thus far.

D. Fuel Preparation and Characterization With Solid High-Energy Components

1. Insoluble Components Used in Slurries

a. Anthracene

Anthracene is a good candidate for a high-energy component since it has a
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relatively high density (1.283 g1ml at 25/C) ane experimental measured net

&Hc of 16,695 Btu/lb. This experimental value is in fair agreement with the

literature value measured at 25"C of 16,770 Btu/lb. Unfortunately, it is

not very soluble in most common hydrocarbons.

A brief examination of the chemical literature and cursory solubility stu-

dies in the laboratory indicated that anthracene had no appreciable solubil-
ity in the various organic hydrocarbons in which it was tested. The labora-

tory studies included tetralin, DF-2, JP-10, RJ-5, mixed naphthalenes, FRF,

and SRC-II.

In the literature examined, no appreciable solubility was found in methyl

naphthalene, m-cresol, nitrotoluene, decahydronaphthalene, I methyl-2

pyrrolidinone, 1,4 dioxane, dibutyl cellosolve. In nitrobenzene, the solu-

bility is 1.86 g/100 ml. Merck Index (9th Edition) reports 1.0 gram anthra-

cene to be soluble in 67 ml absolute alcohol, in 70 ml methanol, 62 ml

benzene, 85 ml chloroform, 200 ml ether, 31 ml carbon disulfide, 86 ml

carbon tetrachloride, and 125 ml toluene.

Because, of the potential energy content, slurries of anthracene in DF-2,

tetralin, and RJ-5 were prepared. Each consisted of 49.85 wt% anthracene

and 49.85 wt% of the fuel and 0.3 wtZ aluminum octoate to prevent settling.

Table 20 shows the resulting experimental heat of combustion of these

TABLE 20. ANTHRACENE SLURRIES(a)

% Improvement
Density Over AHc In

15.6/15.6 g/ml Net AHc Btu/gal. Net Control
(Experimental) (Experimental) DF-2 Fuel

Anthracene: DF-2 0.9999 147,415 14.7
Anthracene: Tetralin 1.0583 149,870 16.7
Anthracene: (J-5 1.1501 165,110 28.5
Control DF-2 0.9874 128,465 ---

(a) All slurries have 0.30% aluminum octoate added as suspension agent
and are equal wt% (49.85) of anthracene and the other component.

(b) AFLRL Fuel No. AL-9979-F (Control Fuel).

3



slurried fuels and the percent improvement in the volumetric heating value

over a typical DF-2. Because all the slurries in Table 20 show improvement

over the "control diesel fuel," slurries of this type should be worthy of

further study and testing.

b. Carbon Black ]
Experience with slurry fuels at AFLRL and other research being conducted at

SwRI (a) have indicated several problems that need to be addressed before

these fuels can be fully utilized. Difficulties are usually encountered

when the carbon concentration in slurries is greater than 10 wt%, and the

problem becomes correspondingly more troublesome as the carbon black concen-

tration is increased. The problems alluded to are incomplete combustion,

decreased thermal efficiency, degraded atomization, high viscosity, set-

tling, and operational difficulties, such as plugging of the injector nozzle

or sticking of the nozzle valve. However, great advances have been made in

carbon slurry technology during the past few years, especially by research-

ers interested in coal slurries and by those working in government-sponsored

research on the cruise missile.

Two recent important achievements (see 1 and 2 below) have been made re-

cently to help promote carbon slurried fuels.

(1) High caroon loading at relatively low viscosity

A sr i.e c cuel containing 48 percent carbon black (SL-90) in JP-10 (with

3 it,. sur• \ was received from Ashland Chemical Co. Its viscosity at

ambi . n.#r-.,e is such that this slurry flows easily. The data fur-

nish,. ita - mple are shown in Table 21. The high volumetric heat of

combustion (168,185 Btu/gal.), approximately 31 percent higher heating value

than the control DF-2, should make it worthy of consideration as a high-

energy fuel candidate. Photomicrographs of the fuel are shown in Figure 4.

(a) U.S. Department of Energy, Office of Transportation Programs, Contract

No. DE-AC04-79CS54240-O01.
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TABLE 21. PROPERTIES OF SL-90 CARBON SLURRY FUEL

Nominal wtX Carbon Black 48

Nominal wtZ JP-10 49

Nominal wt% Surf actant 3

Analyzed wt% Carbon Black 47.2

Density @ 25*C, lb/gal.. 10,09

Net Heat of Combustion, Btu/lb 16,371

Net Heat of Combustion, Btu/gal. 165,183

Flash Point, °C (*F) 53.3 (128)

Contraves RM-30 Viscosity:

Temp, C Shear Rate, Sec -1 cP
L

25 1 663

25 10 182

'25 100 83
25 600 53

-20 1 1562

-20 10 478

-20 100 241

-20 600 285
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A representative of the manufacturer indicates that a carbon slurry of a

similar concentration in DF-2 could easily be prepared using this proprie-

tary method of preparation. If so, this should be a good candidate fuel

available at a relatively low cost.

(2) "Catalyzed" carbon black

Previous engine studies have iudicated a problem with achieving full utili-

zatior of the carbon when running in the CLR engine. Use of a catalyst

cou).d ,ossibly aid in its combustion and thim increase carbon utilization.

The transition metals iron, nickel, and manganese were originally selected

as catalyst candidates. At the recent Workshop on the Combustion of Slurry

Fuels at the 17th JANNAF Combustion Meeting, it was stated that lead had

been successfully used in the catalysis of carbon particle combustion in a

turbine combustion chamber. Therefore, lead (as lead acetate) was added to

the list of catalyst candidates. Deposition of the metals on the carbon

black was achieved by dissolving the metallic compound In water (in methanol

for iron (ferrocene)], adding the carbon black, and stirring for at least I

hour. The carbon black was removed by filtration and then dried. Since the

carbon black was extremely absorbent and the compounds containing the poten-

tial catalyst were highly polar, the deposition occurred without difficulty.

If 100 percent of the metal were deposited, the concentration of the carbon

black would be 0.30 wt% for the iron, nickel, and lead, and 0.36 wt% for the

manganese. The amount deposited has not yet been quantitatively determined,

but X-ray fluorescence indicates the amount is relatively large. Washing of

the carbon blacks with diesel fuel did not remove the deposits.

The above-described successful deposition work was first done on a relative-

ly small scale (40 gram per test). Afterward, four larger batches (approx-

imately 750 grams each), each containing a different metal, were processed.

With this "catalyzed" carbon, four test fuels (8 liters each) were prepared

containing 10 wt% carbon black in diesel fuel.

Engine tests with these fuels are described later.
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(3) Settling studies

The freezing tube technique for measuring settling in carbon slurries was

described in the first interim report on this program and is repeated in

Appendix C of this report. The only difficulty encountered with this method

thus far is that it tends to give slightly high values for the recovered

carbon. These values appear to be high but correct relative to each other.

This could be caused by the incomplete removal of the last traces of diesel

fuel absorbed by the carbon black. A brief study was conducted to see if

this rationale might be correct.

(a) Refinement of the freezing tube technique

A fuel was prepared in the attritor to contain 20.0 wt% carbon black, 1.0

wtt lecithin, and 79.0 wt% diesel fuel. The resulting slurry was placed in

a settling tube for 48 hours at ambient temperature. The tube was then

frozen and sliced into eight equal sections, and the percent carbon was

determined, using the method mentioned above. The carbon recovered from the

top four sections contained 20.57, 20.55, 20.58, and 20.58 wt% carbon,

respectively. The average is 2.85 percent higher than the 20.0 wt% that was

used in the preparation. The carbon samples recovered from the four sec-

tions were then placed in a Soxhlet extraction thimble that had been pre-
ii

washed and dried to constant weight with methylene chloride. The carbon

(17.3760 g) in the thimble was then continuously extracted with methylene

chloride for eight hours. The carbon was dried and reweighed (16.7320 g) [
with a loss of 0.6440 g noted. This loss represents 3.7 percent of the

total at the start of the extraction. Upon evaporation of the methylene

chloride, 0.3888 g of residue was recovered, or 2.2 percent of the total at

the start. The 2.2 percent of material recovered from this carbon compared

favorably with the 2.85 percent high value that was observed when the carbon

was originally determined by the freezing tube method. The residue re-

covered from the methylene chloride was essentially DF-2.

The four lower sections conta 4 ned 20.60, 20.60, 20.57, and 20.62 wt% carbon,

respectively. The average of these four sections was 20.60 wt% carbon, or
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3.0 percent higher than the 20.0 wt% used to make the preparation. The same

extracting procedure used with methylene chloride was then used with pen-

tans. A 3.0-percent loss in weight was noted, and a residue was recovered

upon evaporation that represented 1.1 percent of the total carbon at the

beginning of the extraction. This residue was also found to be DF-2.

It would appear that methylene chloride is more effective in removing the

diesel fuel from the carbon and will be used in place of pentane in future

studies using the freezing tube technique.

(b) Effect of temperature on the stability of carbon

slurries

Prior to the refinement in the freezing tube technique for measuring set-

tling in carbon slurries, the effect of temperature on the stability of

these slurries was examined.

A slurry containing 20 percent carbon black, 79 percent DF-2, and I percent

lecithin was prepared in the attritor. Settling data were collected on a

sample of the above fuel that had stood in a 100C oil bath for 48 hours and

a similar sample standing at room temperature (220C) for the same period of

time. The samples were analyzed by the freezing-tube technique. L

It would appear from Figure 5 that about 4 percent more carbon had settled

out of the top section of the sample at 100C compared to the room tempera-

ture sample. This decrease of carbon in the top section of the 1009C sample

is reflected in the increase of the carbon content of the lower sections.

(c) Stability of FlF-carbon slurries

Carb-n black was added to a fire-resistant diesel fuel (FRF) so that the

resultant fuel contained 20 vt% carbon black, 67.2 wt% DF-2, and 4.8 wt%

water. Settling data were collected on samples after approximately 1, 15,

and 38 days standing at ambient temperature. The samples were analyzed by

the freezing tube tochnique prior to its refinement. As mentioned above,

41



•4 ca~tiom

SeCTION t 24 iTO,,

_ 

K

ECTION 4"

(SrTOMI

fICTION al DQQ ."/ i

"0" - --- - -

"-,CCTIOXL001 S , AQ Q

22 lOSe*

Dioftil cgN~iigax

FIGUJRE 5. EFFECT OF TI1PERATIJRE ON THE STABILITY OF SLURRIED FUELS

(20% Carbon, 1%i Lecithin in DF-2, 4,8 Hour Settling Period)

the original. procedure tends to give slightly high values for the recovered

carbon. Although these values appear to be somewhat high, they are correct ;

relative to each other, The high value is attributed to the incomplete

removal of the lest traces of dieael fuel that is absorbed by the carbon ,

black. The refinement to this technique mentioned previously eliminates i

this problem. Even without the refinement, it is an excellent indicator of !

stability since all samples are treated in an identical manner.

The date from the FUF/cerbon black stability study are plotted and shown in

Figure 6. The mixture t.s f~irly stable for at least I day as Indicated from

the carbon content in the six sections. For example, the carbon percentages
found after I day, from tap to bottom, were 22.0, 22.8, 23.1, 23.2, 23.7,

and 25.5. It would appear that only slight settling has occurred.

c. SRC-I

A cursory search eal made for a hydrocarbon in which SRC-I would have en
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apprecible solubility. Nho such hydrocarbon was round at that time but theI search is continuing.

: A slurry containing 20 wt% SRC-I in 01-2 was prepared, and the gross experi-

cbntsl heathinh value eas 18,860 tu/nb. Usinf the literature value tor the

adensity of tRC-b and the experimental density of DF-2, and assuming the

densities are additive, the not volumatric heatinc value o or the slurry was
found to be 136,865 Btu/Sal., a 6. S-percent improvement over DF-2.

2. toli.,d wasoh-Enerty Components That Have Appreciable Solubility

A. Solubility Measurements, of Naphthalene and .Phananthrente

Na•phthalene and phenanthrene are two solid (at room temperatures) hydro-

carbons that have potential its high-energy fuel components. Phenanthrene is

an Isoder of anthracene but has the distinct advantage in that it is not as

insoluble in organic hydrocarbons as anthracene. ?or example, in tetralin,

anthracene was found to have very little solubility, while the solubility of
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phenanthrene was experimentally found to be approximately 43.6 grams of

phenanthrene per 100 grams of tetralin at 21*C (Table 22). Therefore, a

ssample containing 30.37 vt% phenanthrene in tetralin (approximately the

maximum concentration) was prepared. The gross experimental heat of com-

* bustion was 18,135 Btu/lb. Using the experimentally determined density of

0.9930 8/ml at 36"C corrected to 1.006 S/ul at 15.6'C, the net volumetric

heating value was calculated to be 146,025 Btu/Sal. This would represent a

13.7-percent improvement over the typical diesel fuel. In order for such a

mixture to be run in a diesel engine, catane improver would be necessary.

Phena-.threne contribution to the volumestric hast content of a blend or

slurry would be less than that of anthracene.

TABLE 22. SOLUBILITIES • O NAPHTHALENE AND PHENANTHRENE
IN VARIOUS ORGANIC HYDROCARBONS AND RELIATED COMPOUNDS

AT 20"C (68OF)

Phenanthrene, Naphthalene,
silO0 - s1100 1

Tatrahydronaphthalene (tetralin) 50.0 43.6

DF- 2 (a) 24.1 9.9

JP-i0 29.5 12.0

I-5 (W) 15.3

Mixed Naphthalenes(b) 29.7 27.4

SRC-1I (middle distillate) 29.3 29.2

FRF 15.3 8.2

(a) AFLUL Fuel No. AL-9979-F (Control Fuel).
(b) AnIRL Fuel No. AL-9509-A,
(c) Not determined.

The solubility of phenanthrene in DF-2 (control fuel) was experimentally

found to be 9.9 g of phananthrene per 100 grass of DF-2 at 20"C. A sample

was prepared containing 9.0 g phenanthrens In 91,0 g of DV-2 and the experi-

mental Me: vae determined, Using the experimentally determined density of
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0.8693 g/ml at 15.6"C, the net volumetric heating value was found to be

133,160 Btu/gal., an improvement of 3.6 percent over nest diesel fuel.

Probably no cetane improver would be required with this fuel. It would be

necessary, however, to avoid temperatures much below 20"C, because the

phenanthrene would crystallize and settle out.

The solubility of naphthalene and phenanthrene in various organic hydro-

carbons and related compounds are shown in Table 22.

b. Blending of Solid Components Into Liquid Fuels

Various fuels have been prepared using these two high-energy components*

Table 23 compares these fuels and their AFLRL-determined heats of combustion

with the control DF-2. The experimentally determinod cetane numbers of fuel

blends containing naphthalene and phenanthrene are shown in Table 24.

E. Impact Dispersion Tests to Study Fire-Safety Characteristics of Energy-

Augmented Fuels

1. RJ-5

Several high-energy or related fuels were examined for their fire-safety

characteristics by the AFLRL Impact Dispersion Test The results from

these tests Indicated tihut RJ-5 and some of its blends had some good fire-

hindering properties.

Impact dispersion tests were conducted on RJ-5 and some of its blends.

(a) LJ-5 (neat)

(b) RJ-5: DF-2 Bland (50 vol%: 50 vol%)

(c) RJ-5: FRF Bland (30 vol%: 70 vol%)*

- For a description of these tests and the rating system, see Appendix D.
** - 56.05 wt% LJ-5; 43.95 wt% DF-2 (AFLRL Fuel No. AL-8821-F)

4* 34.65 wtt RJ-S and 65.35 vt% FRF (FRF prepared using DF-2 with AFLRL
Fuel No. AL-8821-F). The resulting net volumetric AHc was 128,570
Btu/gal.; about equal to control fuel (128,465).
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TABLE 24. CETANE NUMBERS OF FUEL BLENDS
CONTAINING NAPHTHALENE OR PlIENANTHRENE

AFLRL Experimental
Fuel Composition wt. Cetane No.

DF-2 (a) 91.0 "-
Phenanthrene 9.0 45

DF-2 (a 80.6 I
Naphthalene 19.4 43

Tetralin 65.3
Naphthalene 32.7
Amyl Nitrate 2.0 24

Tetralin 68.3
Phenanthreene 29.7
Amyl Nitrate 2.0 24

(a) DF-2 [AFLRL Fuel No. AL 9970 (Control Fuel)]

Examination of the video record of these tests showed no ground fires and

only a medium-size fireball which is equal to a "D" rating. This is the

rating that all the FRF fuels (84 vol. DF-2; 10 vol% H2 0; 6 vol% surfactant)

have received. The fact that these fuels containing RJ-5 did not sustain

pool burning could reflect the effect of the high flash point of RJ-5

(111C), since the fuels were dropped at 77*C onto the impact plate at

93.30C.

2. DF-2

It in noted in Table 25 that the amount of Ri-5 needed to eliminate pool

burning of DF-2 (AL-8821-F) in this test has been found to be between 35 to

50 volume percent. The blend containing 30 vol% RJ-5 and 70 vol% DF-2 has a

coalesced fireball vith simultaneous light pool burning immediately after

impact,. thus an "E" rating. The intensity of this ground fire then in-

creased with time. DF-2 (neat) had an "E" rating.
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TABLE 25. IMPACT DISPERSION TEST RESULTS AND FUEL PROPERTIES(a)

Impact Density Viscosity
Dispersion Atc (net), (15.56*C), 400C,

Fuel Test Rating(b) Btn/zal. gml cat

DF-2 (neat) (c) E 130,620 0.8484 3.20 A
SRC-II (neat) (d) E 134,760 0.9840 3.68
JP-9 (neat) E 143,445 (e) 0.9444 2.49
JP-10 (neat) E
JP-10 microemulsion (f) E 126,190 0.9533 (g)
RJ-5 (neat) D 160,390 1.0837 13.27
50 vol% RJ-5; 50 vol% DF-2
(56.05 wt% R.1-5; 43.95 wt% DF-2) D 144,220 0.9657 5.78
30 vol% RJ-5; 70 vol% DF-2
(35.38 wt% RJ-5; 64.62 wt% DF-2) E 139,550(h) 0.9316(h) (g)
35 vol% RJ-5; 65 vol% DF-2
(40.75 wtZ RJ-5; 59.25 wt% DF-2) D 141,140 0.9328 4.73
25 voi% RJ-5; 25 vol% SRC-I1
(76.77 wt% RJ-5; 73.14 wt% SRC-II) D 141,630 1.0084 4.40
75 vol% RJ-5; 25 vol% SRC-II
(76.77 wt% RJ-5; 23.23 wt% SRC-II) D 156,080 1.0632 8.14
30 vol% RJ-5; 70 vol% FRF
(34.65 wt% RJ-5; 65.35 wt% FRI) D 128,565 0.9382 (g)
FRF D(i) 116,825(h) 0.8747(h) (g)
46 vol% FRP; 54 vol% SRC-II
(43.08 vt% FRF; 56.91 wt% SRC-II) E 126,315(h) 0.9338(h) (g)
46 vol% FRS; 54 vol% JP-10
(44.24 wt% FRF; 55.76 wt% JP-lO) E 128,135(h) 0.9095(h) (g)

(a) Experimentally determined at AFLRL except where otherwise indicated.
(b) Impact Dispersion Test Rating

A - No pilot flame enlargement
B - Pilot flame dimentions less than doubled.
C a Pilot flame dimensions more than doubled.
D - Pilot flame totally obscured by transient mist fireball.
E - Coalesced fireball with simultaneous pool burning.

Test Conditions: Sample 76.7*C (170*F)
Impact Plate 93.3*C (200'F)

(d) AFLRL Fuel No. AL-8821-F, Flash Point 72°C (161"F) used in all blends
with this table where DF-2 is indicated. See Appendix B, No. 2 for its
properties.

Wd Middle Distillate, AnLRL Fuel No. AL-9252-SP-P, Flash Point 30*C (176"F)

used in all blends in this table where SRC-II is indicated.
(e) Calculated from AFLRL data.
(f) 83.5 wt% JP-10; 10 wt% H2 0; 6.0 wt% surfactant; 0.5 wt% cetane improver.
(g) Not determined.
(h) Calculated from components.
(i) FRF made with DF-2 having AFLRL No. AL-8821-F not tested. Rating given

based on other FRF tests with similar fuels.
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The properties of DF-2, RJ-5, and their equal blends are listed in Table 26.

It can be seen from this table that a 50:50 volumetric blend of DF-2 and

RJ-5 results in a fuel that shows an improvement in the volumetric heat of

combustion of 12.3 percent when compared to the control DF-2.

TABLE 26. PROPERTIES OF DF-2, RJ-5, AND THEIR EQUAL BLENDS

50 Vol% RJ-ýi)
DF-2(a) RJ-5 50 Vol% DF-2"

Btu/gal. (net) 130,615 160,390 1 4 4 , 2 2 0 (c)

Btu/Ib (net) 18,450 17,740 17,900

Density, 15.60C (600F) 0.8484 1.0837 0.9657

Viscosity, cSt, 400C 3.2 13.27 5.78

Flash Point, *C (OF) 71.7 (161) Il1 (232) 86.1 (187)

Freeze Point, °C (OF) -- -53.9 (-65)(d) 2 (36)

Pour Point, *C (OF) -10 (-14) ......

(a) AFLRL Fuel No. 8321-F.--see Appendix B, No. 2 for its properties.
(b) 56.05 wtg RJ-5 and 43.95 wt% DF-2.
(c) This represents a 12.3 percent increase over that of control fuel.
(d) Literature value (exp. value at another lab).

3. SRC-II

The blends of SRC-II and RJ-5 at SRC-II concentrations of 25 and 75 vol%,

respectively, received "D" ratings. The data in Table 25 indicate that 25
vol% RJ-5 will eliminate pool burning of SRC-II. Lesser amounts of RJ-5
with SRC-II have not yet been tested. SRC-II (neat) received "E" ratings.

4. Other Fuels [JP-1O (neat), JP-9, JP-1O/H*0 Microemulsion]

Other fuels to receive "E" ratings were JP-10 (neat), JP-9 (neat), and

JP-IO/H2 0 microemulsion (see Table 25).
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JP-9 is a three-component blend containing JP-1O (65-70 wt%), RJ-5 (20-25

wt%), and methylcyclohexane (10-12 wt%). JP-9 was developed by the Air

Force to meet its critical specifications for the uels used in its Air

Launched Cruise Missile. When subjected to the impact dispersion test, an

intense fire resulted. No further work is planned with this fuel.

5. FRF-Type Fuels Augmented With RJ-5

FRF fuels and their fire-safety characteristics have been described in I

detail elsewhere.(8) Because they contain an appreciable amount of water,

they suffer by having a reduced energy content. Since RJ-5 has shown the

tendency to have fire-hindering properties, and also have a very high vol-

umetric energy content (160,000 Btu/gal.), a blend of FRF and RJ-5 might

result in a fuel that still has the fire-safety characteristics of FRF but

at a much higher energy content. I
4

Several months after the tests listed in Table 25 were completed, another

series of impact dispersion tests were run using the same conditions as in

the past. All the fuels containing RJ-5 that were tested in this series

received a "D" rating in the impact dispersion test, and all containing

water were microemulsions (Figure 7). These fuels are still stable micro-

- Ii

Ii

FIGURE 7. RJ-5 MICROEMULSIONS
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emulsions to date (after 8 months) upon standing at room temperature. When

only 3.0 vol% surfactant was used in attempting to prepare a microemulsion

containing 5 vol% water and 5 vol% RJ-5 in 87 voi% DF-2, a trace amount of
"cream" was visible at the bottom of the container after standing for

•I• several days at room temperature. When the surfactant content was Increased

to 3.5 vol%, the "cream" was eliminated and a stable microemulsion resulted.

In all cases, the RJ-5 increase in the volumetric Mdc of the fuel compared

to neat FRF without apparent sacrifice to its fire-hindering propefi~es.

Since flJ-5 appears to have good fire-resistant properties for exposure

temperatures of 93*C (200*F) or less, it was not expected to have any dele-

terious effects under such exposure conditions when substituted in the FRF

formulations. The results are summarized in Table 27. All the fuels,

except No. 6, and including the FRF, were prepared using the same DF-2

(AFLRL Fuel No. AL-10115F, Cat 1-H) and all compositions are volumetric

percentages.

IV. ENGINE STUDIES

A. CLR Engine Studies

1. Screening Studies

Prior to obtaining the Petter engine as a screening tool for high-energy

fuel candidates, the screening tests were conducted using a CLR engine in

the engine-testing facilities that were established and operated under a
Department of Energy contract. Two of these fuel formulations, both related
to the fire-resistant fuel program, are described below.

a. JP-10/H 20 Nicroemulsion

FRF is a microemulsion consisting of 84 vol% DF-2, 10 vol% water, and 6 vol%

* surfactant. It has shown great promise as a fire-resistant fuel for the

Army's application. It was reasoned that JP-lO, with its relatively high
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volumetric energy content (4142,000 Btu/gal. (net)] might be used to replace

the DF-2 in the FRF and thus restore some or all of the energy loss caused

by the water. Thus, the JP-10/H20 microemulsion fuels were prepared to see

if any fire-resistant properties might be imparted to this fuel.

Several different emulsifying agents were tried. Three microemulsion fuels

of this type were prepared; all were stable for one year and one was still

stable after two years when the stability test was terminated.

The terms Relative (Specific) Fuel Consumption (RFC), the Relative (Speci-

fic) Energy Consumption (REC). and the Relative (Specific) Volumetric Fuel

Consumption (RVFC) are defined at the bottom of Table 28.

Screening tests on the latter JP-10/water microemulsion were conducted using

the CLR engine. In Table 28, it can be seen that the REC values at 1000,

1500, and 2000 rpm are close to one, indicating that the thermal cycle A

efficiency when using this fuel is similar to that observed when the base j
fuel was used. A good comparison of the JP-10/water microemulsion fuel with

DF-2 can be made using RVFC, i.e., the ratio of the BSVC of the test fuel to

"that of the base fuel. RVFC values less than unity are desirable as they

would indicate better performance by the test fuel than the base fuel when

using the same volume. The JP-1O/water microemulsion has RVFC values close

to unity over the speed and load range. This indicates a volumetric con-

sumption rate very close to that of the baseline diesel fuel. Comparisons

of this microemulsion with the base fuel can also be made using Figure 8a to

8f. It should be noted that the calculated net volumetric heat of combus-

tion of this fuel (127,250 Btu/gal.) is almost that of a typical DF-2 (DF-2

control fuel - 128,465 Btu/gal.).

b. Carbon Black Slurries in FRF

Fire-resistant fuelR in general are penalized in their energy content (AHc)

because of the water present. An attempt was made to reduce some of the

it loss in energy content by the addition of carbon. A 20 wt% carbon concen-

tration in FRF was first prepared, but rheology problems suggested a lower
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carbon concentration. The composition of the carbon/?RF slurry that was ti

tested was 10 wtZ carbon, 73.55 vtZ DF-2, 10.32 wt% deionized water, and

6.13 wt% surfactant. The CLR engine performance comparison of this slurried

fuel with base DF-2 is shown in Table 29. Figures 9a to 9f indicate that

the suspended carbon caused a reduction in the performance compared to DF-2

over the three speeds and load ranges that were tested. Even at 10 percent

carbon black, the viscosity of this test fuel was much higher than that of A

the base fuel and undoubtedly contributed to its poor performance by the !J

degradation of the injection and atomization processes. As can be noted in

the table, the REC's in all runs were greater than one. This was especially 2J

evident at the lower speed (1000 rpm).

Figure 10 shows the REC, averaged over all loads, for each plunger diameter

plotted versus the injection timing. Except for the 21-degree injection

timing using the 9.5-mm plunger, the optimum plunger diameter appears to be

the 8.5 mm. One surprising fact is the trend toward reduced energy consump-

tion as the injection timing Is retarded. If the carbon particles have long

combustion time compared to the liquid fuel, it would be expected that

increases in injection rate or advanced injection timings would improve the

efficiency.

c. Catalyzed Carbon Black

As mentioned in Sectio:, I11.D.2., the deposition of four different metals

(manganese, iron, lead, and nickel) on carbon black was successfully

achieved. Such metals might act as catalysts and aid in the combustion and

utilization of the carbon black. The data in Table 30 compare the four

"catalyzed" fuels with the base fuel diesel fuel, using REC as the cri-

terion. The percentage of the metals coated on the carbon black listed in

the table are those calculated assuming 100 percent of the metal was de-

posited in each case.

The REC values for the uncoated slurry, using the same injection timing and

duration, are also listed in Table 30. Examination of this data indicates

that the "catalyzed" carbon black slurries have improved the efficiency over

the uncoated black slurry, especially with the nickel nitrate.
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TABLE 30. COMPARISON OF "CATALYZED" MOGUL L CARBON BLACK
IN A 10 PERCENT SLURRY WITH BASE DIESEL FUEL

USING REC VALUES AS THE CRITERION

REC
Full Load 3/4 Load 1/2 Load

No Coating 0.99 1.03 0.99
0.31% Manganese Nitrate 0.84 0.93 1.01
0.1% Ferrocene 0.95 0.96 0.97
0.05% Lead Acetate 0.97 0.99 1.12
0.152 Nickel Nitrate 0.92 0.94 0.88

B. Petter Engine

The majority of the candidate fuels for this program were liquid fuels

blended with the engine baseline Cat 1-H. These blends also contained a

cetane improver, if initial screening proved them to be of insufficient

cetane quality to sustain normal engine operation.

A British-made Petter direct injection engine (Table 31) was used as a tool

for comparing the fuel candidates against a baseline DF-2. A 60-cycle,

115/230-volt, 15-ampere, 3500-watt. AC generator was cradled and driven by a

cog belt at twice engine speed to provide a load on the engine. The mechan-

ical energy of the engine was converted to electrical energy in the gener-

ator, and dissipated as heat through immersion heaters in a drum of water.

An electronic load cell and readout was attached, via a torque arm, to the

cradled generator to be used As a measure of load (Figure 11).

The engine was governed to operate at 1800 rpm and a constant load of 10

lb in order to maintain a constant power test condition for all fuel blends.

The barometric pressure, ambient temperature, and relative humidity were mon-

itored for all fuel trials in order to correct engine performance for atmos-

pheric conditions, as stated by the SAE diesel engine rating code (9). Ap-

pendix E is a listing of the data correction program used to reduce the en-

gine data. The specific range (hp-hr/gal.), which is the inverse of the cor-

rected volumetric fuel consumption, was the parameter upon which comparisons

were made between the candidate high-energy fuels and the baseline Cat 1-H.

62



TABLE 31. PETTER ENGINE CONFIGURATION

Engine Type Normally aspirated,
Single-Cylinder, Compression
Ignition,
Direct Injection
4-Stroke Cycle

Bore, cm (in.) 8.73 (3.44)

Stroke, cm (in.) 11.0 (4.33)

Displacement, cm3 (in. 3 ) 659 (40.2)

Compression Ratio 16.5:1

Rated Power, kW (bhp) 5.6 (7.5)

Rated Speed, rpm 1800

Injection Timing 28' BTC

Valve Timing (intake) 4.5°BTC to 35.5* ABC
(exhaust) 35.5o BBC to 4.5' ATC

Fuel B.S. Specification
No. 2869: 1967 Class Al or A2

IMMERSION
HEATER

DRUM

RHEOSTAT

/I
COG BELT

ENGINE •AC•

GENERA-

BURET "---

FUEL MEASURED
VOLUMETRICALLY (ml) DIGITAL

LOAD READOUT (Ib)

FIGURE 11. PETTER SCREENING ENGINE INSTALLATION
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The results from the screening procedures are presented in two different

sets, due to a baseline drift after the Petter engine was idle for several

months. The consistency of the results within each set of baseline data was

very good, so there are no problems associated with the significance of the

data collected. A comparison of the relative diffnrences between two fuels

that were examined in each baseline set allowed valid comparisons of the -

specific range based on the span of the 95-percent confidence intervals of I
the relative difference between these two fuels. The two fuels were Cat 1-H

and FRF.

1. Baseline No. 1

The results from the screening tests performed on the Petter engine are

presented in two categories; one is high-energy fuel blends, and the other

is the energy-augmented FRF blends. All corrected data are presented in

Appendix E.

a. Fuel Blends

During the screening process, there were seven high-energy fuel candidates

whose performances were examined with the Petter engine. Of the fuels

blended, most ran very well in the engine, except for the naphthalene blends

and the anthracene slurry. With the naphthalene blends, if the ambient

temperature dropped below 20"C (68*F), the naphthalene would crystalize in

the burret, and the engine would stall due to fuel starvation. The anthra-

cene slurry proved to be too large in particle size to run through the

Petter engine's gravity feed fuel system. Because of this, no data were

available for comparison to baseline performance with the anthracene slurry.

Since the guidelines for a high-energy fuel require an approximate 10-per-

cent increase in range over a typical DF-2, there were only two fuels which

met this criteria. A blend of 50/50 vol% Cat 1-H and RJ-5 exhibited a

13.5-percent improvement in specific range (hp-hr/gal.) compared to Cat 1-H.

The specific range of this blend was 16.77 t 0.18 hp-hr/gal., compared to a

specific range of 14.78 ± 0.1 hp-hr/gal, for the baseline Cat 1-H. The 95-
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percent confidence intervals for the two fuels show that the comparison is

statistically valid, with their deviation from the mean being 2.2 percent

V and 1.3 percent for the blend and Cat 1-H, respectively. Another candidate

fuel which improved on baseline performance was a 75/24/1 wt% mixture of

r tetralin, Cat 1-H, and amyl nitrate. The calculated specific range of 16.16

± 0.01 hp-hr/gal, represents a 9.3-percent improvement over baseline per-

formance with this blend. Due to cost consideration, and the performance

evaluations, the tetralin fuel appears to be one of the more attractive
high-energy fuel candidates. Table 32 and Figure 12 are comparisons of

various high-energy fuel blends to the baseline.

b. Energy-Augmented FRF Blends

The energy augmentation of FRF to a performance level equal to the base Cat

1-H was considered an aspect of the High-Energy Fuels Program. There were

three blends screened in the Petter engine, two of which exhibited a per-

formance level comparable to the Cat I-H. The third blend, which was an

85.6/14.4 wt% mixture of FRF ane naphthalene, encountered the same opera-

tional difficulties associated with the other naphthes!ne blends. The

performance increase of the FRF/naphthalene blend over the base FRP was

insignificant in this study. F

The first of the two blends which displayed a considerable improvement over

the base FRF was a 50/50 vol% mixture of FRF and JP-1O. The increase in

specific range was from 13.06 hp-hr/gal, for FRF to 14.71 t 0.01 hp-hr/gal.

for the blend. This represents an 11.1-percent increase over base FRF,

while falling a slight 0.5 percent from the Cat 1-H value of 14.78 ± 0.1

hp-hr/gal. The second was a 63/37 vol% mixture of FRF and RJ-5, which

displayed an 11.8-percent increase in specific range over base FRF. The

specific range for this blend was 14.81 ± 0.9 hp-hr/gal., which is actually

a slight improvement over Cat I-H at 14.78 ± 0.1 hp-hr/gal. The comparison

of the performance of these blends to baseline is statistically valid, due

to the small span of the 95-percent confidence intervals for the specific

V range of these blends and baseline. Both of the blends performed extremely

well in the Petter engine, without any engine modifications or operating
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difficulties. The performance evaluations of the various energy-augmented

FMI blends are listed In Table 33 along with the graphical results in Figure

13.

"2. Baseline No. 2

a. Fuel Blends

All corrected data for this baseline set are presented in Appendix F.

During the screening process with this baseline set, nine separate high-

energy fuel blend candidates were examined in the. Petter engine. Of the

nine fuel candidates, only one displayed an improvement of greater than 10

percent, while two others showed promise. The fuel which exhibited the

largest increase in specific range for this baseline set was 99.6/0.4 wtZ
mixture of RJ-6H and amyl nitrate. The blend showed an increase in specific
range of 11.9 percent at 17.15 ± 0.03 hp-hr/gal, compared to 15.32 t 0.08

hp-hr/gal, for the Cat 1-U fuel. With this fuel, the operator noticed

slight engine surging, although speed and load set points could be main-

tained. The surging may be due to the cetane number being below the engine

manufacturer's specification of 45. The AFLRL experimental cetane number

determined for this particular blend was 39. The potential of RJ-6H may be

further realized with blend preparation based on increasing the cetane

number.

One of the fuels that produced an increase in specific range, but fell below

the 10-percent improvement level was a tetralin fuel. The blend was 97/3

wt% combination of tetralin and amyl nitrate, which exhibited a 7.7-percent

increase in specific range at a value of 16.50 t 0.09 hp-hr/gal. Another

tetralin blend screened in this baseline set, an 80/19/1 vt% mixture of

tetralin/Cat 1-H/amyl nitrate, displayed only a 4.2-percent increase in

specific range. As reported earlier, a 75/24/1 wtZ mixture of tetralin/Cat

1-H/amyl nitrate showed a 9.3-percent increase over its respective baseline

value. Table 34 and Figure 14 are a listing and visual representation of

the anomaly that appeared in the data from the various tetralin blends. It

is felt that this anomaly may be due to interrelated effects of the volu-
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FIGURE 13. SPECIFIC RANGE OF VARIOUS FRF ENERGY-AUGMENTED BLENDS COMPARED
TO CAT 1-1 (BASELINE NO. 1)

TABL9 34. RELATIVE VALUES OF SPECIFIC RANGE AND VOLUMETRIC HEAT
OF COMBUSTION COMPARED TO CAT 1-H

Vol% Heat
Fuel Blend % Specific Range Of Combustion

Cat I-H ---

97% Tetralin
3% Amyl Nitrate 7.7 ± 0.6 6.7

80% Tetralin
19% Cat I-H
1% Amyl Nitrate 4.2 ± 1.05 6.2

75% Tetralin
24% Cat I-H
1% Amyl Nitrate 9.3 ± 0.05 5.6
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metric heat of combustion and cetane number. The cetane numbers of these

various blends had not been determined, but due to the chemical structure of

the base tetrslin, its cetane number is predicted to be around 10 or 12.

The promise shown by the tetralin blend warrants further attention in devel-

oping its high-energy capabilities,

The other blend which showed improvement was & JP-1O/naphthaleue blend. A

77.6/19.4/3.0 wt% mixture of JP-10/naphthalene/amyl nitrate (AN) increased

the specific range of the Patter direct injection engine by 7.1 percent.

The value of the specific range was 16.41 t 0.16 hp-hr/gal., versus 15.32 t

0.08 hp-hr/gal, for the Cat I-14 baseline fuel. Initial problems in screen-

ing this fuel developed due to the extremely low coterie numbers of the

basestock fuels; however, the addition of the amyl nitrate improved fuel

performance adequately so that the test could be completed. The problems

associated with all previous naphthoulane blends were also evident in this

high-energy fuel candidate. Table 35 and Figure 15 display the results for

the various blends tested during this phase of the program.
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b. Enerpy-Auguented FRI Blends

Further screening of energy-augmented FRI blends revealed two blends which

showed parity with the baseline diesel fuel. The first blend exceeded the

performance of the Cat I-H by 2.6 percent based on specific range. This

fuel was an 86.5/5/5/3.5 volZ blend of Cat 1-H/deionized H2 0/RJ-5/KA78 mur-

factant. The specific range for this fuel was 15.72 t 0.08 hp-hr/gal.,

which is a 15.1-percent increase over the base FRF value of 13.41 t 0.26

hp-hr/gal. For comparisons, the Cat 1-R has a specific range of 15.32 ±

0.08 hp-hr/gal. Another energy-augmented blend which shoved promise was

84/6/5/5 volZ mixture of Cat 1-H/surfactant/deionized R2 0/RJ-5. This com-

bination of fuels increased the specific range of FRF by 10.4 percent to a

value of 15.00 t 0.04 hp-hr/gal., but fell short of baseline performance by

a small 2.1 percent. Several other blends were tested, but results indi-

cated relatively minor improvements. Table 36 and Figure 16 display the

results for all augmented FRF blends examined.

V. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

"e Several of the screened candidates shoved good potential for meet-

ing the objective of improving range/power capabilities.

"The Petter engine has worked exceptionally well as a screening
device.

"e Several synthesized hydrocarbons, with cetane improver added, are

feasible HEF candidates. These include RJ-5, RJ-6M, JP-LO, and

tetralin.

"e A synthetically derived hydrocarbon, RJ-6M, improved the range of

the screening engine by 11.9 percent over the baseline.

" The tetralin-based fuels are probably the most realistic high-

energy fuels due to cost consideration and performance evalus-

tions. The full potential of these fuels has probably not yet

been realized, since cetane effects have not been fully evaluated.
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"* A 75/24/1 vtl blend of tetralin/Cat 1-H/amyl nitrate increased the

specific range by 9.3 percent.

" Certain lov-cost refinery products and streams have potential as 11
high-energy fuel blending components, such as No. 6 Fuel Oil,

furfural extract, and a polycyclic aromatic blending stock.

"* The HEY and FRF program have been brought closer together without

diluting the effort of either.

"* RJ-5, although costly, has an extremely high volumetric heat con-

tent and has shown fire-safety characteristics. It could be

useful as a blending component.

"e Blends have been prepared which show potential for high-energy,

fire-resistant fuels.

"* A 86.5/5/5/3.5 vol. blend of Cat 1-H, dionized H 0, RJ-5, and EA78
2

surfactant improved upon FRY performance by 15.1 percent, which is

a 2.6-percent improvement over the reference fuel.

"* A 63/37 vol% mixture of FRY and RJ-5 increased the range of the

base FR! to a parity with the reference 'fuel.

"* A 50/50 vol% blend of Cat 1-H and RJ-5 displayed a 13.5-percent

improvement over the reference diesel fuel (Cat L-H).
)

B. Recommendations

RJ-6M, one of the latest high-energy fuel candidates to emerge,

shows great promise. Studies with this fuel should be vigorously

pursued.

"* Studies with the more promising fuel and fuel components should

continue.

"* Studies of the cetane effect on the performance of the high-energy

fuels in the engine, especially with tetralin and its blends,

should be initiated.

"* Further work should be expended on developing blending criterion

based on cetane number, due to inherent low cetane numbers of many

of the basestock.

- All fuel blends which display improvements in range that meet the

project guidelines should be further examined for ptrformance

optimization.
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"* Laboratory and engine studies with "catalyzed" carbon black should

be pursued.

"* Some promising fuel and fuel blends have not yet been screened

with the Petter engine. This should be done.

"0 Cognizance should be maintained with other high-energy fuel re- -"

search, especially that conducted for the Air Force and Navy.

" Wherever feasible, efforts should continue to interface the HEF

and FRF programs.
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IV

APPENDIX A NO. 1 4

SRC-II Middle Distillate Inspections

Specific Gravity Ash, wvt 0.0023
15.5"C/15.5*C 0.9840 Steam Jet Gum, mg/100 ml 25.1

Gravity, *API 12.3 Accelerated Stability, mg/IO0 al 10.5
Viscosity Particulate Matter, mg/i 77.5
cSt at 37.8*C(100"F) 3.83 Total Acid No., mg KOH/gm 0.31
cSt at 40"C(104"F) 3.68 Cetane Number 16

Flash Point, (D 93), "C(*F) 80(176) Carbon Residue, 10% Btms, wtZ 0.52
Aniline Point, "C('F) -9( 16) Water, vt% 0.08
Pour Point, *C(OF) -48(-54) Copper Strip Corrosion, 50*C
Cloud Point, *C(*F) Too dark (1220F) la
Hydrocarbon Type FIA, vol Net Heat of Combustion

Aromatics 91.2 NJ/kg 40.007
Saturates 8.1 Btu/lb 17,200
Olef ins 0.7 Visual

Elemental Analysis, wt% Color (D 1500) 8.0
Carbon 86.13 Appearance Dark gray, turns
Hydrogen 8.64 opaque. Black
Oxygen 3.9 IR Curve Spectrum indicates mixture
Nitrogen 0.82 of aromatic compounds with
Sulfur 0.26 significant hydroxyl sub-

Ring Carbons, vt% stitutions on aromatic
Honoaromatic 30.5 rings. No organic acids.
Diaromatic 22.6
Triaromatic 0.95

Distillation ASTh D 86 GC Distribution
*C 9C OF

IBP T17 3U TfT 304
5% Recovered 204 400 187 368
10 211 412 197 387
15 216 420 210 410
20 220 428 216 420
30 22S 442 232 450
40 237 459 244 471
50 245 473 258 497
60 254 489 268 514
70 262 504 280 536
80 274 525 295 563
90 289 553 311 592
95 303 577 324 615
&P 323 613 377 710
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A.PPIWIX A Ito. 2

U.S. DEPARTMENT OF LABOR
Occupational Safety and Health Administration

MATEMiAL SAFETY DATA SHEET
SRC 11 MATRIml Revised 8/79 ,Replaces 6/79 CUM

Not ToNa!Q 9t4a
CWIICALMA PAMIIy memTRC MS&BIN

ColkrVe aromatic ma htha IND

ND R

SECTIO% 11 HAZARDOUS INGREDIENTS I
MATERIALS S I (Uniw MATERIALS (UnTu)

(l4O-2Ionia)

VAi PhaIGUe & N' CreVl v5-0 5 " Ba ton*)l0 Ij&

lesions,_____ (doit ih ollqeatinpoessare ecognizhaead airpotntia eath.

~~SECTION Oil -IEADEPHOSIONHAAR DATA
-a crFOAT CH -1

VAOR OSONWodS *ONVm SWSMCA) EPA UW'O

APPIRNC AND ODO5NMAA I il Colorestol dard fambler (d aters ial eV We Signrdb

PLAe PITo it p w fls pit

5XIINeWepgISIubeNNOuuis9 dMfudUON

(3A6OML OA M^00%0OXCK MOY 04IO16 WOA MWA90SA-V4kG
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NAPHTHA
SECTION V -HEALTH HAZARD DATA=. J..'<

VNILp LIMIT VAI.UL See Section It.
11P111C?5 OF OVIRINFSU111 Severe eye irritant. Vapor is irritating to the eyes and mucous

pmembrcanes. High conicentrations Of 112S in an enclosed space such as a tamkcar will produce
depression. unconsciousness & death. Systemic toxicity, particularly dES 6 reap. effects,
can occur froam the possible skin absorption * inhalation, a nd ingestion of this material

M*A05#4Y ADEOP1U"1 SKIN CWITACTs zemed. water deluge shower. Follow by rin-
oing with oastor or olive oil for large skin surface e~qpomues. MY CWSTAC1-Flush lipped.
with water for 15 min. INIA, Remove from exposure, give artif. reap. If necessary. 1MW,

no NO IND=~ VW4IYX (aspira. hasard) Give 1-2 ot a t. * ~coal followed by1-2 glasses
o.f milk or 2-4 Oz olive or Vag, oil, ObaIn iinswd. mao. ad ocr all Rae-soo cOntat.

~ SECION11 - REACTIVITY DATA
ST~gLITY STA691 ICO"YIO4TIOPM1 AVoI

1514CMAT51LITY .IUwishto 0LIII5'A
Reacts with st ox~oidizing MRterials.

Whe heWa'&te to decompotion * it Pay emit irritatingan toxic fumes.
COWSmZie, MAY OCCUR W1I.i. 40? OccWMA

~'7 ~SECTION VII - 11PILL OR LEAK PROCEDURES
£]VACUATg A09A W a 10V I1 I -On O W I M 13A WTVW 'IN04 WMAOw A I

11?O PPLOW 0 ?IJMtUTAN"1,... WIUM& I OfL"JC8 .TSOW. s
*0LMNTtAISVN9 13 WADSbOA ON SCOAnP UP [D ( 3 *mseovssoaaOCWTcmuee
51 AVOID IFINALATISO# 3VACWUNUP 13 D I UIL W1 ' A09A ORD (3T6

A^V01O 094MA. CONTSACT

/ SECTION Vill - SPECIAL PROTECTION INPORMATION

DURINGc #405MM usa "~Jas,'DifC

OI#SSAL VSNT16AtgON Vaglo

LCL9NS yes Ives
0CIPINATOPV PROMf54?ION £1.81 2, if needed 3 u*@il

1. hailkeE-Ateno14 M ALI j)fhLVMi RE~IPSV IO anwd Vape.RWsm*n'gt~k AvF's5 3 PdF.AA .fh -Dum
IMeeheneel "ffe) A#e*wta ffCwmw/1pehla

EYE PAOTECTION SAPIS? V MAGS5 X CN5MICAL, oaLA~S FAC P "It o aNIC

PROTECTIVE ui600410" G 0YIY Aoyv 06".aft~ae .o"vs'.aviUWa a PAM*
GLOVES NATURAL iQs"gS p WuV&. NUfMN POLyVINYLV 6"1.S410 *an~h If Nor RSMICENDU

7XMW2 , ma suj -r mime M on. of wau .u rle craaam I= Ist VO

UL SICTION IX - SPECIAL PRECAUTIONS
""PCII 1K XR we SJ Won imm 11=111 m. so No owns. h" n ~0 Ws se a im m , ft, a WR. Posum am -~
Fpsa own WmW ea~ mast, bees's asMesuie WW Gum =um a 6 su0MN1. PMAm WAIMrn Or" WM Wm msas
"se mipss. ow Wmass 0 no =a' a ma, smemmsiama sas em WM 1WWA O, Isis Lowi "0amW

OM13 PmCAMna: hanial data #"ygoat that Sic materials have ths petanii. of pusidainp
fetOtexic affect*. Thereloret it is prudent to prevent fertile fumles
ftc' receiving signifieant exposers to this material.

- Thrk date &Wd faomwwine.V*Ia IJPVEAm ON buud iu aw meineA IMRONE CII5, CALL!
aid Me 0uu18".4 U/ uthues, a e eew E a= u be eawolt. A. poeeea CtNiMRC - M*.e-aujei
of IhMP etewey 6 ak n heAVWm. 04 1k psaWsIa dhuAmd &LUV OWPOd IChIMICAL aAA'IPOATA ?IONsmsmsIcr
W11hVeg sevey.e "aW tv ioleo 'd and uheOV P WIP&O them* &Wn shMNut CINT5Ds
hil Us W uM ne of 00 "whabiblip shimef fiv NJD PIWubP PMPIN.
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U.S. DEPARTMENT OF LABOR
Occupational Safety and Health Administration

MATERIAL SAFETY DATA SHEET
SRC 11 MATERIAL Rlevised 8/79, R, 41aces 7/79 C:IH

The Pilttbr 4dJ e 4n~•• /$•lll

Nýort 9ot j~vqs• 941 431
.C4•Ia= ,AM As TRACqVdI 0r11 MI I SyINtmvus

N A H eal v y D i s ti ll at e

Cal deied va distillate
€,~wND ND"""•- '-

::#,•'"•: ;:.:.;••:;••/{•]SECTION II1 HAZARDOUS INGREDIENTS i 2 •#-,,:

MATERIALS % (LiV MATERIALS % (nts)

Heavy Distillate 1001¼<9 ~ ~ ~ ' ETO

*The health hazards, particularly skin lesions associated with coal liquefaction
procest s ort recognized as potential heal3h probl3ms. Therefore, it is stronqly

recommended that inhalation and skin exposure be kept to a minimum and that all

recommendeed eae d hen handling this mterial. gas Section V.nd IX.

DOT'HA'ZARD CLASS: txceptd from regu..lationsl

""-' SECTION III - PHYSICALRDATAS. 'z .7-1;• & I•7,777,7

(ATER I46960A L) MATERIALSo98 (Unin)
Arecomended ^PreatiD be obsere w he hand o l, iny thsmaeildoereton.*nD CTZAN CS -n FRom HAZARDtions

DvR$I4 ATA '

VAAS05u1 -N TOW W1 vo MPO ND I F96

VflOs spllsoY &yr, * epsirD lid

5OLu5JIYiIY IN WAYSI Alqi£l

eaquAipme for elo s Abd r to black oil, oily odor., .

:-' SECTION IV -IRE AND EXPLOSION HAZARD DATA"D ••D2 :l

C A h*0o4@b FO A *CAASO* olo NISS *o~v eO.,aMIA *P~oA. *WAS 5AA (iP Olv IO4l

5' WL A ~ I, V01 O M Yll t,@• P I I~ a I U s el w ate. r s~p r ay t o k e eN p fi r e -e m pIO s eNd co ntal l in er s c o o l,

flush spills avky from fire exposure, and to disperse vapOrs. Use sir-supplied rescue
equipment for enclosed areas. This material sinks in water.

Otobustibla. Hoeting ths material to its flash point is
likely to give sufficient vapors for ignition upon exposure to flase or Incendiary
sparks.

NA Not Applicable NO a No Data AwIlabla ouH Moede Fm OSHA."

j A-6



'';'~2SECTION V -HEALTH HAZARD DATA HEVDITLA *

Ii~E5.~DL*MT ALU sgaeste 1udlii fo i 1 00boanxposure to coal derivea materlil.5z
001111002II m/pJ% jab mme Se~uaaction 11.

~IR 9 WEOn Pbn~ m~aui irnin * uS rou. Vdm miwum Sar me Am Pmaa a mo mu lo e M se. huWM. u
111011AWIM IMI mUPI 09 IN 141 F&NL Las 11111nwUI 10 w ~iu Pa. mci. mea11LT101 V49 w mm. emauin -0 'ills 1111" I
ONaOW No MiSa Mm"mm Roto Laos lmailm me Milsama Noma.ur , usmmi. mla a. lounm. m I;H.eimm.'
Saw ma slm ma' um aim. wn Imwy au me ~a ma a? rlm Items A low mms anew mu. slos oaA^. plaul, as

SIM nc RI aM som WW u No, ==L Isnme m. as one ft lom. on mom. Ml Owl; h~m mu.ma
0inaw ollm.i ORah' boaiwMS~i~nmi.A ugc.umaisen m. 11111M, IONe ia r. ornsi

aus(i.e., irCIS.. wma fug smyo,s watI aMMC lias. asMm maus).

~~ -, ~~ SECTION VI - REACTIVITY DATA ~2~ 2'4
SAM.LITV. U'VITA5LIS 5All.( X 70"0 V usr VI

664OWYA116T 1MOS-WlltoawRe Pacts with strong oxidizing materials
.,AZA1Q2Ou5 09CGOAMTPO5I, PRODUCTS

)QhiA boated &g daco2noeitioin it will jeit jrrLgtiig ANd toxic fumes.

VMWUIIIZAYICM4 IMAYOCCUA WI IWO IC x r-K

~ K SECTION VII - SPILL OR LEAK PROCEDURES
Q (VACUA'S A49A PftOC'iIO'pjXBAY5VA pa

3STOP FLOW .0 11PVI, AQjUI.IN V

OfofiPne LAMMA11LIS IDUPo ascua &

13 V010IftMALA?.ot4 E9 VACUUM UP OURA AS LoILL
EB 'vOlT, OCAMAL C0441AC?

- ' SECTION VIII -SPECIAL PROTECTION INFORMATION %'7A

OURANG NiORMAL. W69 IVIMinS3 ~ L~4se

GftitMA6d VIETILiAT10ot yes Yoe
LOCAL 9 XNAIJ5¶ Preferred Yoe

11110 111,1001V P110?(CTION 4-11.31 1, if needed
I Pg.,,ik -Au Nomo inAir Awofisai Ak Aewp~btfor ).l~ sad ratq~e~ak~~y~ j.k AuI uPeiwe h~iwmp-kuvsd

Of.VIAAIWD pliffi Slvaewbhe..fCbma 7ype JIMie Air

EYE PROTiCTION £D.PI5YG LASS90 C.41MICAL e0OCmeSs PA99 111011114 19 I, fSLLEVT
- -rIt GOOD

PROTECTIVE loon( q PLVNLALO4L P4.IMLf5 I~' ~
GLOVES NAYSLUAL RV1141N a aUY Two MA aw POLVIPLVL 9060406I1O 1 rgItj NOT *KcOMMUMD

0, a -M"VI- - ia aCr &all " s0durI~n me 'is roeg Od. uy

_7 SECTION IX - 8PECIAL PRE1CAUTIONS 4 $p. •.
011.FL.,04 T 6 TA141AIN PIAMOLING AND iTUNING AVOID 1113 ana e1ye 119RUact XV3111 Tue LnIIsw

of mists, fumes, or vapors. Maintain good ventilation. rresh change of work clothes
daily. Showering and clothes change recommended at the end of each shift. Combustible
haydrocarbons, emty drums may contain combustible vapors. Wash out drums witk teL261eWfol

Mhiaal dots suggest that 91C materials have the potential of producting
fetotoxic effects. Therelfoe, it Is prudent to prevent fertile females
ftres receivianc aliftscnt em osure to tbis materia.

FOR TMAdNSPO74 FlON SPILL& OA LIAX
Tb. daia otied F6.4en.nehn oeiein R.Im pr bOU4 Komoa, pvw ,weal fAreofkrlef. CAL!
aid th. M Soonh si, ulkrnADU a,,~j nblelww.J to ble'& awolf. No "eIrr CIVIMFAgC - 800-i4e. 9,00
'.1 ihptijopet bauee iadr, uer' '!te vdsd~wt lffu ICrM~CA L FA A VPOR IA F10 % V'IgA 0f.4C

bib 10 do~~ Lif wilooDIDBIAo ul Ilk, LdgINII0i h.1 'Ilhrd /to $11. P84uI1aude, punw.ec
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U.S. DEPARTMENT OF LABORF Occupational Safety and Health Administration

MATERIAL SAFETY DATA SHEET
SitC 11 KATI~ki Revised 6/79. Wa~ere$ ?/79 Cmi

~~~~~~~W..~~SECTION I-AADU NRDET

MAW A TEWRIALS % (UmWu MATE IALSOo (pU" n ip.

Hiddle~~~Midl Ditlstil9lateon _____

*-SECTION III -HAZROS ICALEDAETA

VA~funh MewuA mmM.

rcommended precautionsmbe to blacve boil hatdong treisomterial. odor cio VSd

~~SECTION I I IEAN £PHYSICt AL AR DATA
141 IIlii 71C 17)-"* a sSd Cu

spi(50-5007 frmf0.97uessdt iprevaos s i-uple eceeup

&StherC AitND OfO thberutue thoug hlack dlitrng Gror eaigtisfah otslikelydo

60Co A riealuf icienta vapSCor46s fo p tier uponeyps to ke fir1w xore icesadiarry Coork.

NA Noi Appix"b~ NO e No Dow Aselebe GOl M~ds Powu OSNA-20
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MIDDLE DISTILIATE

4 4~~' SECTION V -HEALTH HAZARD DATA IL - e'
11kLI.

0.2 Mtnm as ens su s. e sect on ew
mPkin&v mains soeu~ .in nnaa i. Is us am. Uvumc =ucw. wmno&Av 09 a s. em am mm i

PmIP mIN PMm N111M.. MsUATIS, M &M. w 4 01111 =s mii. 05 -us -a , ,SZ affa. hu3m a a sm ow
Woo Is omitns 9 PMmLV in uIM owe ls WWI NMe- Imm W aIN -M IM .00 Oft WNW WI MMXCVM IMASY OI.
3111 ~ was a rmus ON A3 116 6 Isa N IL 316 SaADS 3, m @away 11011011.

VO AIS FISO AiM f -= WWIx 110111 MM r6A III FmMii OM O, 0~ 4614 69L M. *M 11Mm
EVE=W UI fiFme pro. aim aim pa ISmM. 1IU.5IIh bwa wamm sam ama. mir. or ownii. 1131111 11".ff IMIJ&
Wamam wmosl. 6nm 1-2 tmma. ow% am a oiw 1-2 aems misnus 14mm atw m ccL. 6u pwa. Am. to' ALL Fm
11i. 0116F10. 11511U: 6Ms. PD. 16*?. NO3 It 61s's JIM. mimo iin~ft uumAM. hMsUca OO 0im & mu., UV

M Auwi r ins in moo (IAs., isom,. gum lusunn..Rrf OF u WI vima r 9 aw; msism).

~~i~iSESECTION VI - REACTIVITY DATA
S T,~TASI#YI hI9L~ISTABLAIX rOV, OS OA~T

#fCO..PATAGIa.ITY IU.IWr.is toUý9f R'eacts with strong oxidizing materials.I0 W ion t Vill emit Irritating and toxic fumes.

/%"XP'/SECTION Vl-SILO EKPOEUE

13 VACUSIS AMCA IPAoll fAOills (3A Vr

AVOID IF404ALATION 10 VACLJIJ VP 0 AMal ON`Lo7LR 0`1c"19
SAVOID DERMAL CONTACT

9'(jSECTION Vill - SPECIAL PROTECTION INFORMATION

GINCISAL. VENTI5LATION Yes Its

I.OCAL CXPWAv5T yes yes

059000MAT@NV PS@?5CTeOf 11-11 2, if sode 3, for laupi spills
I~~~~~~~~~~ Gorf-anr, #A sq e 6 e~See s ad 1'epe-Avmweg A&' APw&fts J. AOF~ air &%Ah PediluA -tmow -Boxwsd

EYE PROTECTION SAIPIV O&.AS1141 X CNEVICAL 00661.115X PACE 11"IRLO x9Wv

POTECTIVE 04004100 'sLYVINYL ALbOOSE 'sVITVi5YNYd5 3 PAIA
GLOVES O

04ATWIAL AWSSIM &WV1V 4000114 It POYVINYL OHLONIO5 RAI NOT UCOMMPENNO

~ rŽ'A .~i'~ SECTION IX - SPECIAL PRECAUTIONS0
I~gA,,Ys#41051 A~N I .~h.DN AO IOENOAvoid skin and eye coftect. Avoid the Ihlatiiston

of *Lot#, tumes, or vapor#. Maintain good ventilation. Fresh chaap qf work alothes dail
Showering and clotnes shange reconosuaded at the end of each ehif t. Combust ibslebydroesvboin

flflvru~My tontain cemobtti~ble valors. Wash out druma with water before ilaardinji.

ANIIII& date OVU35*5t that SIC WusTWfOi have the poteatisi Of predwetag 1etoto*14
*fiesta. Therefore, it is porudest to prevent fertile Ernie.s from receiving,
sipif bent exposuire to thia material.

all~e PO A14NO5ORIA IOP #PILL$ OR £545
71w doffe 0#6/ mumrsuflsr tdeh I j Mei*,. am bd NP&ao "em ,srh IaIROfA'C118, CALL
sood ikmoe nhws v/ uther, a=c he/lewd is hr earwo/A. A'. oumwe~r (NM1`NTS ft 00-4-0
V/ 11heic eWIm'sy IS .mE,. AWsW, 401d #At WAa.OI difIVISFIFe 01101hWied XIC/I CAL A1540NPOS tA TeIONMI al/IC
w/aM i Nff5U wapevuse i~WrdW Lu/ 11kd/A prlevi miir*s'~ ihra, a/el oi er NlS
bit 0%11i *d.'uiwud..ibf 40 Mew jwubiehihi,. w /A I* is u Al, 'kPI she &IF,
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APPENDIX B, NO.1

AFLRL FUEL NO. AL-10115-F(CAT-1U)

API Gravity, 15.56"C (60*F) 34.9

Flash Point, Pensky-Kartin Closed Cup, *C (0F) 80 (176)

Pour Point, C ('F) -16 (+3.2)

Cloud Point, *C (*F) -4 (+24.8)

Carbon Residue, % 0.14

Coppor Corrosion 1A

Ash,% 0

Lamp Sulfur, 2 0.399

Viscosity, 37.80C (1000F), cat 3.21

,40.0-C (104-F), cSt 3.12

Saturates, 2 71.5

Aroumatics, 2 28.5

Cetane Number 53

Hydrogen, vtZ 13.09

Carbon, vt% 86.46

Nitrogen, ppm 36.5

Net Heat of Combustion, Stu/Ib 16,665
H20, % 0

2 0Sediment, 2 0

TAM 0.03

Aniline Point, *C (VF) 67.7 (153.9)

'-3



APPENDIX B, NO. 2

AFLRT FuL NO. AL 8821-F

API Gravity, 15.56"C (60"F) 35.2

Density, g/ml 15.56"C (60'F) 0.8484

Carbon, vtZ 86.66

Hydrogen, vt% 13.34

Flash Point, Pensky-Hartin Closed Cup, C (OF) 71.7 (161)

Fire Point, "C ('F) 84 (183.2)
Viscosity, 40"C (104"F), cSt 3.2
Cetane Number 51.0

Sulfur, vtZ 0.47

Copper Corrosion (D-130) 1A

Net Heat of combustion, Btu/Ib 18,450

Cloud Point "C ('F) -1.0 (+30.2)

Pour Point °C (°F) -10.0 (+14)

Acceleratad Stability (D-2274), mg/100 ml 2.7

TAN 0.03

Stream Jet Gum mwg/100 ml 3.2

Saturates (VIA), vol% 69.1

Olefin, (FIA), vol% 1.5

Aromatice (VIA), vol% 29.4

K.F. Water, Z 0.03

3-4



APPENDIX B, NO. 3

REFERENCK GLADE DIESEL FUEL , *AL-7225-F

-N [MIL-F-46162A(MR) ]

API 15.56-C (60-F) 36.1

Flash Point, Pensky-Martin Closed Cup "C (*F) 60 (140)

Cloud Point, *C (*F) -21(-5)

Pour Point, *C ('F) -24 (-11)

Viscosity, 400C (1040F), cSt 2.07

37.8"C (tOO'F), cSt 2.17

Carbon Residue on 10% Bottoms, vt: 0.15
Lamp Sulfur, vtZ 0.35

Sulfur (by X-ray) Z 0.31

Copper Strip Corrosion 1A

Ash, vt% 0.0009

Water and Sediment, volZ 0.01

TAN 0.01

Cetane Number 48

Satgrates, (VIA), vol% 70.9

Olefins, (VIA), volZ 1.6

Aronstics, (VIA), vol% 2705

Density, 15"C £ial 0.8438

Gross heat of Combustion, Btu/Ib 19,450

---



APPENDIX B, NO. 3 (Cont'd)

Boiling Point Distribution, 6C D-86 GC

IBP 167 89

10% evap'd 218 211

20% 228 220

302 233 232

40% 238 238

502 242 251

602 248 258

702 257 271

80% 270 287

90% 293 312

952 313 333

E.P. 336 393

Recovered, % 99

Residue, % 1

Lose, Z 0

a-6
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APPENDIX C
.1

FREEZING TUBE TECHNIQUE(a)(b) ]

In this AFLRL-developed method, the prepared samples of known

concentration were placed in plastic tubes (4.5-,m OD, 3.8-c Mh,

0.32-cm wall, and approximately 31 an in length) which were plugged

at the bottom with a No. 8 rubber stopper (Figure a). Almost all

the data were taken at room temperature; however, a controlled

temperature bath could be used for future samples if settling rates

at other temperatures are desired (Figure b). After the desired

time period for settling, the tubes were frozen at approximately -

80°C (-112*F) (Figure c), and each tube cut into six segments

(Figures d and e) and measured by length. After each segment has

thawed, it was thoroughly stirred to give a uniform sample. A small

5- to 10-gram sample was removed and then analyzed for solids

(carbon) by a modified ASTM r 893-78 procedure, the standard test

for insolubles in (used) lubricating oils. The procedure, as

modified, consists of weighing the sample in a centrifuge tube,

washing it three times with 75 to 100 ml of pentane per wash, and

removing the pentane by decanting after centrifugation. The sample

is dried in an oven at 104"C (220FP) for at least 30 minutes, cooled

in a desiccator, and then weighed.

Although a good method, it is time consuming and it tends to give

slightly high values for the recovered carbon. Although the values

appear to be high, they are correct relative to each other, a

phenomenon whch might be caused by the Incomplete removal of the

last trace of diesel fuel adsorbed by the carbon black. Although

the method is not yet quantitative, it is an excellent indicator of

stability, since all samples are prepared in an identical fashion.

(a) From Reference 3

(b) For revision to this technique, see this report,

itI-D-lb(3)(a). -
C-3



a. Tube Containing the Carbon Slurry

..... ....

b. Tube in Controlled Temperature Path C. Tube Frozen In -800C Bath

FREEZING TUBE METHOD FOR MEASURING CARBON SEDIMENTATION

C-4



II

d. Frozen Tube Just Prior to SlicingI

e. The Six Resulting Segments After Slicing

FREEZING TUBE METHOD FOR MEASUR1NG CARBON SEDIMENTATION (CONTVD)
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, .APPENDIX D

IMPACT DISPERSION TEST
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Program Title: Development of Impact Dispersion Fluid Flammability Test

Sponsor: U.S. Army
Conect No.: DAADOS-67-C-0354/DAADOS-70-C-0250/DAAK-73-C-0221 /

DAAG53-76-C-0003/DAAK70-78-C-O000

SwRl Proct No.: 1O-2078/10-2798/10-3630/10-4296/10-5070

Stmet/Comp'•t Dow: 1969/1978 Continuing Refinement of Facility and Proceduies
Rleporta or PublicatioRW: Weatherford, W. D.. Jr., and Schaekel. F. W., "Emulsified Fuels arid Aircraft

Safety." AGARD/NATO 37th PEP Meeting "Aircraft Fuels, Lubricants, and
Fire Safety," The Hague, Netherlands. May 1971 (AGARD-CP-84-71. pp. 21,
1-21, 12).
Weatherford, W. D._ Jr,, and Wright, B. R., "Status of Research on Antimist
Aircraft Turbine Engine Fuels in the United States," AGARD/NATO 45th
PEP Meeting "Aircraft Fire Safety." Rome, Italy, April 1975 (AGARD-CP-
166, pp. 2, 1-2, 12, DDC No. AD-AOl 1341).
Weatherford, W. D. Jr., and Schackel. F. W., "U.S. Arm) Helicopter Mod-
ified Fuel Development Program-Rce sie of Emulsi[ied and Gelled Fuel Stud-
ies." prepared by Southwest Research Institute. U.S. Army Fuels and Lubri-
cants Research Laboratory. under U.S. Arm, Contract No. DAAK02-73-C-
0221, AFLRL No. 69, June 1975 (DDC No. AD-A023848i.

PROGRAM SYNOPSIS

TechniIObjecdves: Develop a repeatable bench-scale laboratory technique for assessing fire-safety char-
acteristics of various flammable liquids.
Appro :h: Impact dispersion experiments are con-
ducted in a well ventilated enclosed facility developed
for this purpose. These tests involve allowing a 2-liter
glass vessel, containing about 1.2 kg of fuel, to fall
freely 6 meters onto a steel target plate, originally
embedded in concrete and surrounded on two sides
by gas pilot flames. In the present facility, the target _ _ _ _ __

plate comprises a horizontal, elevated 2.5 cm-thick
steel plate with electric surface heaters attached to its
under side so that its surface temperature can be ad- Heated Impact Pad. Ga5 Pilot Arra3. and FloridContainer
justed and controlled independently. With Sofonoid Refrair (Louered for Photograph)

The relatively low vertical velocity of I I meters
per second developed by the glass vessel during this
free fall corresponds to total occupant survivability
during a vertical helicopter crash, but it is near the
onset of marginal survivability. The glass containers
are filled to an ullage of about 2 percent of the total
volume for each test. A television camera (with zoom
lens) is located about 6 meters from the impact point.
and this is used to document the test results on video
tape. A background grid provides a dimensional
frame of reference, and subsequent examination of
the video tape by slow motion (and stop action) pro-
vides reduced data. Tests are conducted at several
different temperature levels, from about 25* to 99'
by preheating the fuel sample and the steel target Peak Splash With No Fireball
plate to the desired tempera, ures. (Typical of Antrimist Fuels)

Accomplishments: The following data reduction sys-
tem placed the impact dispersion results on a semi-
quantitative basis. A rating from "A" through "E"
is assigned to the results of each experiment, depend-
ing upon the observed flammability characteristics.
These range from "no pilot flame enlargement" for
highly effective antimist fuels through "pilot dimen-
sions less than doubled," "pilot flames totally
obscured by transient mist firebpll" (neat. low-vola-
tility fuels), to "coalesced fireball with simultaneous '.
pool burning" (volatile liquid fudls).This method of " A
quantifying the results of impact dispersion tests has
proved usable and correlatable with other experimen-
tally measured flammability properties. Peak Mist Fireball

D-3
0 s- . ~ ,. - - ,-- - .. ....... .
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.2 $FILES <0,5)

4 CI
5 C PEDRP- Petter Engine Data Reduction Progrqmm
I; C a program used to correct perf'ormance
7 C7 parameters frrom the PETTER screening
a C engine for atmospheric conditions The
9 C mean and 95% confidence intervuls gre

i0 C then calculated for ct-rrected pararnetters.
11 C

13 C
14 PROGRAM FEDRP
15 DIMENSION j(0,:elO5,(0,~)i
16' DIMENSION NASTe2),LAST(25 ),NFACt , NSRG,( 3.MjST<2`5

1,; C PEN FILE 4@TM' w~HICH CONTAINS THE 3-4E ATrIL4SPHERIC CORRECTION
..) C r7ACTORS.

C.2 Ck1 DPY ATMOSPHERIC PRESSURE
C T = 64MBIENT AIR TEMP AF)

.-4 C APa CONVERSION TO ABSOLUTE CEmk.(R.

2 R READ(5 01 )BL,,T, AS
.2 F=T+"B

30 C

,2 C OPEN PILE -BTU ' U14CH CONTAlii THE NET HE.a# OF' cOMPUSTION OF
33 C THE FUEL BLENDS EVALUATED WITH THE PETTER ENGINE.
:4 C,

)PE14< 504, F ILE- E'fTU')

40 450 .RTE. U

41 1 FORMA~T/ : 'ENTER LU HiUMBER FOR PjJ~-
43 L -%

4-:4 HE -;PECiF!C, PAtiF P ILF 1S, tJF.E THE 1-AL1:LL-4T10HSZ -*0R
~~FECIFIC AR,~E PLAC7ED IN O~RiDEP TIc C'iM%'-,,PE POEL;,'

3 3 'dIL L!. Q20

54~~ ~ ~ -F O5dW TIZUý SE CPNEILE'4O
F 0_ _ R-iAT 4



58 C
59 C FUELS CAN BE ACCESSED INDIVIDUALLY OR ACCESSED FROM
60 C A FUEL ACCOUNTING FILE FOR A SPECIFIC BASFLINE SET.
61 C
62 C
63 WRITE<LU,?)
64 2 FORMAT(1X,*A SPECIFIC FUEL. FILE ? Y OR N',
65 READ(LU. I05)LFN
66 '05 FORMAT(IAI)
6? C
68 C
69 IF<LFI4,NE,IHY.AHD.LFNNE.IHN)GO TO 30
70 IF( LFN. HE. HI MY)GO TO 0 :
7? C
72 C
73 C A~CCESS FUELS INDIVIDUALLY
74 C
75 c
76 WRITE(LUi,3)
77 a FORMAT(IX,'IHPUT FUEL FILE NAME-----~

79 READ(LU.5>HAST
79 5 FORM'AT(2A2)
00 OPEH<502,FILEuNsST)
81 WRITE(LU,6)
82 6 FORMAT< iX, IMPUT FUEL BLEND NtcE---

84 C
es C
86 C SUBROUTINE FFNO CORRELATES FUEL. NUiIPER 1411H NET HEHT OF
8? C COMBUSTION,
B8 C *
89 C
90 CA~LL FFNO4I FNO,504,8TL8,L.AST,*e23)

92 C
93 GO TO13

95 C

96 C
97 C FUELS ARE ACCESSED~ THROUGH A FUEL AC~COUNTING cILE UiHICN
90 C CORRELATES WITH A SET OF 9ASELINE CITR
99 C

too C
101 WRITE<LU,9)
102 1 FORMAT(IX,'NAME OF FUEL ACC3IJN'Tlit FILtf-----
103 READ<LL',l0)NFAC
104 10 FORMA7<3A2)

105 OPEN(503,FILEeNFAC)

107 11 READ(503,*,END-300)
108 LEGaLEC.?
109 GO TO il
'10 300 REWIND 503

ill DO 21 LL*I,LEG
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S'2 READkS0,1:;)N,.ST.IFHO
, 3 1.-. FORMAT(2A2,IX,13)
114 OPE<(502.FILE-Nm:$T)
'15 CALL FFNO.IFNO,504,BTLB,Ls$T. ,3.'

116 c
07' C
118 C PRINT OUT HEADER
'19C

I1 I3 WRRITE(LP,I4)LM T
122 14 FORMAT(IHI..40X, PROJECT NO. 5-595?-1.0 ,..'30NKCORRECTE& ,
!,23 I 'PETTER ENGINE DATA FOR FUEL 8LEq!4S',-'., .23X. "FUEL BLEND: 'iX,
124 2)5AZ,//.-2X.60('4'>,/,24X, FUEL ,;X,'BHP',7X. BSFC ,6X, BSvCe,
¶25 -5X,'SPECIFIC',3X, 'THERMAL ,,',65X,'RA14GE',' 24.), HO. ,5.X,
126 4'LB/HP-HR .3X, GAL/HP-HR ,3I.. 'HP-HR,'GAL ,4X., EFF. ,2.-.2X,60( "*".
127 C

129 C DETERMINIE NUMBER OF ENTRIES IN A FUEL FILE
130 C
131 C

132 H-0
133 350 READ 50e,*.ENDa400.
134 NmN+l
135 GO TO 350
;1.6 40At REWIND 502

'38 C
139.: C READ DATA FROM FUEL FILE, DATA INC:LUEs:

• '140 C

141 C A( 1,1) - ATMOSPHERIC PRESSURE
142 C A•;.2) - AMBIENT AIR TEMP. OF TEST(FF
143 C A(1,3) - WATER VAPOR PRESSURE kT A:I,2
'44 C A',I,4ý a RELATIVE HUMIDITY
'45 C A.1.5) m BRAKE HORSEPOWER
14t. C A(1,6) - BRAKE SPECIFIC FUEL CON$UMPTION
147 C A(I,7; - BRAKE SPECIFIC VOLUME GONSUMPTION
'48 C

149 C
150 DO 16 I-I ,N
151 READ(502,*) ( I .K),K=I,L)
3-2 C

;53 C

154 C G.HLCULoTE CORRECTION FACTOR(CF': AND CORRECT
155 C CNCINE PERFORMANCE DATA.
156 C
157 C

159 R-A( I,4)/1: )0.
159 PV*R*.A(I,3)

* 160 BDT-A(I..)-PV
1 61 Cg'-,( BD/B1DT ,(< A< 1, 2. )+A/B )/F ; ,.7

i62 C
16.3 C
104 C OUTPUT CORRECTED VARIABLES
165 C
i(,16 C BýI,1) a CORRECTED BHP
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167 C 8"1,2) - CORRECTED BSFC
168 C B<1,3) - CORRECTED BSVC
169 C B<1,4) - CORRECTED SPECIFIC RANG.E
170 C 8(1,5) a CORRECTED % THERMHL EFFICIENCY
171 C
172 C
173 8<I,1).uA 1,5)*CF
174 FUGsA( I, 3).'8B( I1,
175 9<I,2)uA< 1,6)*FUG
176 8<I , 3 )uk( I, 7 )*FUG
177 B<I,4)l ./B(<I3)
178 B<I).1O0.*(1.,-(TL9*e(I.,.),2544433))
179 WRITE<LP, 15)IFNO,(B( I,M ),M- I, J)
190 15 FORMAT(24X,I3,2X, "*',2XF6.2,2X,"* ,2X.F6 X,"* ,N,F&4,
lei 12X, "•',2X,F6.4,2x, "*',2X,lr4.1 )

182 16 CONTINUE
183 C
184 C
185 X-FLOAT(N)
186 WRITE(LP,17)
187 17 FORMAT(1X,/ ,39X, 95% CONFIDENCE INTERVALS' .37-X, "* .'
IS 137X, "* LOW * MEAN * HIGH 2V9',," 2S • *'):
189 C
190 C
191 C CALCULATE MEANS, 95% CONFIDENCE INTERVALS, AND DEVIATION
192 C OF 95X CONFIDENCE INTERVALS AS A PERCENTAGE OF THE MEAN,
193 C
194 C
195 DO 21 I!1l,J
196 Jl1II÷J
197 JK-Il÷2*J
198 K2-113*J
199 J2"l l4*J
200 12mII*5*J
201 DO 10 KKoI,NCJ
202 18 C<KK)-O.O
203 DO 19 I-IN
204 C<II)-C(II )+a<1,11>
205 C< JI -'-C? Ji )+Ba I, II **2.
206 19 CONTINUE
207 D<1I)nC(IIh/X
208 SDE,,ABS(((C(.J1)-CI )*2,.X )Ax-I•"**.5
209 C<JK).SDEV/(X**.5)
210 C(K2 )aD( II )-2, i.C< Jf)
211 C(j2)-D<II)+2,.C(JK)
212 C(12)a((C(J2)-C(K2 )/D< II )'*100.
213 IF<IINE.4)GO TO 100
214 C
215 C
216 C OPEN SPECIFIC RANGE FILE,
217 C CHECK IF SPECIFIC RANGE FOR FUEL BLEND
218 C IS CONTAINED IN FILE.
219 C URITE TO SPECIFIC RANGE FILE IF NOT.
220 C
221 C

E-6
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2 OPEN('505,FILEsuNýRG'
212 3 HFoO
.224 97 READ505,*,Et4D--O,)
12125 NmoNF4I
226 .40 TO 9?
22? 9e REW~IND~ 505
228 DO 225 Iul,HF

C.29 REAtD(503,60)LFNODEEMAST
230 IF-.IFNO.EQ.LFHO>GO TO 100
iai 2Ž5 CONT114UE
23 2 WITE(505,60)IFNO,D(I1).-LAST
233 60 FORMAT(1>X,I3,2X.F5,2,ZX.25A2N
27' 1~ ov WRT(L,2IC ') (II)C 2)C17
235 2~ FOiT.7,6.,X *F.l1.'F. , )XF.%
23b, CLOSE. 505>
237 21 CONTINUE

240 C r.%ETERMIHE IF 'SPECIFIC RANGE OUTPUT li- DESIRED
241 C
242 C
243 WR ITE %.L U, 35%
244 35 FOAMAT.1l;. SUPPRESS SPECIFIC RANCE OUTPUT ?Y OR N>
245 READ< LU, 36 )NER;:
246 36 FORMAT(IAI%

cý4 7 1Fý PERF. HER. IHYND. NERF, NE. IHN )GO TO ZŽý
243 IF(NERF.EO.lHY)GO TO 25
;4 9 WR I TE..LLI, ?I
,so *1FRA~~,TY'PE LU FOR H4ARD COPYV OF SPECIFIC RANtGE DATA---')

253 ICHRmO
4-54 40 RE4D('5O5,*..EHD-50
1255 ICHR^ICHR+i
ýt56 GO TO 40
257 so REWIND 505

Ž59 lIF4FNO.EQ.N9F.M4ND.LFN.EOt.1NY~QO TO 75
459 4WPITEk'LZ,45)I
260 45 FOr(H,.~7<*,,X*l FUEL NO. 4X.. SPECIFIC RANGE
261 13X, 2% FROMI BASELINE',5X,'FUEL DESC PIN,>.',.4,5'
262 C
263 c
a64 C qUTPUT 2;kECIFIC RANE DATA AND DEVIATION FP.O!- BASELINE
265 c roR A PRPTICULAR FUEL BLEND.
26ý. C.

269 READ(505,60)LFNOSRAN,LAST1
270 IF(LFNOE0.NBF.'GG TO 80
271 70 CONTINUE

2731;0 SP RN- SR AN
274 REWINC) 50S
275 IF<LFN.EQ.INY)GO To 170,
Ž76 DO 110 1u1,ICNR
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2 77 READ,, 505, q0 )LFNO, SRomd.LAST
2 ýký F<LFNO.M0HBF~bGOl Tv 110

279 DELT-( SRmH-SPRN )/SPRN'1 00.
2030 W4RITE-ILZ.150)LFN0.SRAN,DELT.LNST
2G1lol 5nA(3X.~21XF.'1X.52
282 110 CONTIMUE
.283 GO TO 14'0
.84 '75 DO 180 1-i,ICHIR
2 85C REA D( 50 1. 6 )LF NO. SRN , LW;T

IF'IFf4O.EQ.NBF)CO TO 140
28? IF(LFNO.E0.N8F.W4O TO J80

IFJIF"O.EO.LPN0.>GO TO 190
.19 ISO~ CONT1INUE

CLOSE 5l05)
21:1 GO TO 23
'92 1~k 00(EL T-( SRiA-SPRN ).SPRH*10'0.
Z293 ki'RITE"LZ, 150)JFNO.,$RHN,DELT.LRST
.94 C
2,-,5 C
.. 6 C C:LOSE o4LL FILES, EXIT PROGRAM

GO TO 140
~0 !20 &WRITE(LUi,130)

392 130 ;rORMAiT1lx,'HO BASELINES FOR. CA)MF.APISON'-I'
3 v 3 14--- CLOzE, '505)
ý3,04 IPýLP NE.6)GO TO 215
305 WRITE(LU,Zk)
*306 22 FORMAT( IX..//, 1- -PQOGRAM C~OOPLEiE, DmTk OUlTPtUT- ON LINE PRINTEP
30? CO TO 25
3OG 2 3 WR IT E <L U,24 )IF N C
3039 2.4 FCIRMATK IX,.WV, FL'EL E.LEND NO. X,I13, 1 >. 'HA.-3 ttOI'T BEEN TESTEC --
-310 .25 WR ITE( LU, 115>
-11 1 115 FORMAh l.<, EXAf1INE ANOTHER FLUEL Y "'K
312 READ<LU.116)NUT
313 11-2 FORMlAT<1Al
314 IF(HUT.N'E.IHYNDHULT.NE.1NN)GO TO 29
-15 lFKNUT.EQ.lHY)C0 TO 450
316 21: CLOSEK5A2)
'ý17 30 CLOSE'S >
318 IF(LFN.LQ.1NY)GI) TO 26
'319 CLOSEk503)
'.20 26 CLOSE(504)
321 END

F"TH4ý COCIPTLEP: HP92834 REV.2030 (8900821 I'

*- lo aRHNGwS H* O ERRORS ** PRO.RkM: 5525 COMMON; .JiONE ý
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c. :.0 T=00004 IS ON CR00037 USING 00002 BLKS R=0000

0001 FTH4,L
0002 SUBROUTINE FFNO(I,NIT,B,ND,*)
0003 INTEGER HD(25)
0004 H"O
0005 1 READ(NIT,*,ENDn2)
0006 N-H+l
0007 GO TO 1
0008 2 REWIND HIT
0009 00 10 IF-l,H
0010 READ( NIT,,5)LB, ND
0011 5 FORMAT(I3,2X,F5,O,2X,25A2>
0012 IF(I.EG.L)GO TO 20
0013 10 CONTINUE
0014 GO TO 30
0015 20 CONTINUE
0016 REUIHD HIT
0017 RETURN
001i 30 CONTINUE
0019 REWIND NIT
0020 RETURN 1
0021 END

I

E-9
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PROJECT HO. 05-587?-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLENDs CAT I-H AL-13115-F

FUEL BHP BSFC BSYC SPECIFIC THERMAL
RANGE

HO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF.

100 * 5.26 * .467 * .0660 * 15.160 * 29.2

100 * 5.22 * .474 * .0670 * 14.933 * 29.0

1O0 * 5.21 .4a2 * .0681 * 14.682 * 20.3

10o * 5.21 • .402 * .0681 * 14.682 * 28.3

100 * 5.24 * .459 * .0649 * 15.413 * 29.7

100 * 5.24 * .466 * .0659 * 15,100 * 29.2

100 * 5.15 * .472 * .0673 * 14.065 * 29.9
100 * 5.13 * .49? * .0693 * 14,434 * 27.4

100 * 5.11 • .490 * .0693 * 14.440 * 27.8
100 * 5.06 * .497 * .0703 * 14.232 * 27.4

100 * 5.15 * .472 * .0667 * 15.002 * 28.9

100 * 5.19 * .469 * .0656 * 15.232 * 29.2
1O0 * 5.15 * .41 * .0602 * 14.671 * 28.3
100 * 5.14 * .479 * .0671 * 14.909 * 28.5

100 * 5.02 * .404 * .0666 * 14.574 * 28.1
100 * 5.04 * .406 * .0696 * 14.574 * 28.1

100 * 5.07 * .479 * .0675 * 14.018 * 28.5

100 * 5.04 * .490 * .0675 * 14.010 * 28.4
tO0 * 5.13 * .466 * .0659 * 11.170 * 29.2

100 * 5.13 * .473 * .0669 * 14.948 * 28.8
100 * 5.11 0 .461 * .0652 * 15.342 * 29.5
100 * 5.11 * .460 * .0662 * 15.106 * 29.1
1O0 * 5.10 * .469 * .0663 * 15.005 * 29.1

100 5.10 * .469 * .0663 * 15.005 * 29.1
tO0 * 5.13 * .487 * .0609 * 14.512 * 2S.0
100 * 5.13 * .407 * .0689 * 14.512 * 28.0
tO0 * 5.15 * .493 * .0697 * 14.347 * 27.7
100 * 5.15 * .406 * .0607 * 14.550 * 20.1

100 * 5.19 * .476 * 0673 * 14.867 * 20.6

00 * 5.19 * .403 * .0683 * 14.649 * 28.2
100 * 5.15 * .405 * .0607 * 14.556 * 28.1

100 * 5.15 * .479 * .0677 * 14.773 * 20.5
100 * 5.20 * .400 * .0690 * 14.703 * 28.4
100 * 5,30 * .400 * .0600 * 14.703 * 20.4
100 * 5.20 * .498 * .0690 * 14.490 * 27.9
100 * 5.20 * .408 * .0690 * 14.490 * 27.9
100 * 5.10 * .402 * .0603 • 14.652 * 20.3
100 * 5.15 * .405 * .0667 * 14.557 * 20.1

95X CONFIDENCE INTERVALS

* LOW * MEAN * HIGH * DEYX*

5.130 0.5151 *5,171 * .0
.476 * .479 * .402 * 1.3

.067 * .060 * .060* 1.3
14.688 414.70 *14.08 * 1.3
26.291 *20.47 *20.66 * 1.3
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PROJECT NO. 05-5s57-130 0i

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLENDS 94X AL-10115-F ION DEIOHIZED H20 6X EA?7 &
FUEL 0HP BSFC BSVC SPECIFIC THERMAL

RANGE
NO. LB/HP-HR GAL/HP-HR HP-HRtPGAL EFF.

102 * 5.15 * .560 * .0760 * 13.026 * 20.5
102 * 5.15 * .563 * .0779 * 12.e61 * 29.3
102 * 5.15 * .560 * .0767 * 13.030 * 28.4
102 * 5.15 * .560 * .0769 * 13.026 * 26.5
102 * 5.15 * .561 * 0768 * 13.026 * 28.4
102 * 5.15 * .561 * .0760 * 13.026 * 29.4
102 * 5.10 * .556 * .0763 * 13.114 * 26.7
102 * 5.18 * .555 * .0763 * 13.1t4 * 2e.?
102 * 5.18 * .554 * .0763 * 13.114 * 28.8
102 * 5.10 * S53 * .0763 * 13.114 * 29.9
102 * 5.18 * .555 * .0763 * 13.110 * 20.7
102 5.10 * .535 * .0763 * 13-.110 * 29.7

95X CONFIDENCE INTERVALS

* LOW * MEAN * HIGH * DEVX*

5.155 *5.165 *5.175 * .4
.556 * .550 * .560 * .7
.076 * .077 * .077* .7

13.013 013.06 *13.10 * .7
28.490 *08,38 *28.68 * .7

PROJECT NO. 05-5957-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLENDt 999 JP-l0 AL-9220-F IX AMYL NITRATE

FUEL amP $SFC BSVC SPECIFIC THERMAL
RANGE

NO, LB/HP-HR GAL/HP-HR HP-MR/GAL EFF.

III * 5.09 * .501 * .0644 * 15.525 * 27.5
III * 5.13 * .495 * .0631 * 15.836 * 27.9
III * 5.13 * .496 * .0631 * 15.837 * 27.0
III * 5.11 * .499 * .0642 * 15.506 * 27.7
II * 5.13 * .497 * .0631 * 15.037 * 27.8
III * 5.13 * .502 * .0642 * 15.506 * 27.5

95X CONFIDENCE INTERVALS

* LOU * MEAN * HIGH * DEVX*

5,102 -5.116 -5.129 * .5
.496 * .490 * .501 * .9
.063 * .064 * .064 * 1.6

15.579 -15.70 *15.02 * 1.6
27,565 *27.69 *27.02 * .9

F-5
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PROJECT NO. 05-5957-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLEHN: 90.99% DF-2 AL-9979-F ý.OiX PHENANTHRENE

FUEL SHP 8PFC esVC SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF.

113 * 5.27 * .492 * .0679 * 14.710 * 20.2
113 * 5.25 * .492 * .0679 * 14.718 * 28.2
113 * 5,26 * .403 * .0670 * 14.915 * 28.7
113 * 5.26 * .404 * .0672 * 14.092 * 28.6
113 * 5.24 * .4B7 * .06?2 * 14.892 * 28.5
113 * 5.25 * .481 * .0672 * 14.092 * 28.8

95X CONFIDENCE INTERVALS

* LOU * MEAN * HZGH * DEVX*

5.245 *5.255 *5.265 * .4

.403 * .406 * .490 * 1.5

.067 * .067 * .068 * 1.0
14.762 *14.04 014.91 * 1.0
20.285 .28.50 .20.71 * 1.5

PROJECT NO. 05-5057-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLEND! 0o.5sX DF-2 AL-99?9-F 19.42X.NAPTHALERE

FUEL BHP BSFC BsVC SPECIFIC THERMAL

RANGE
NO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF.

112 * 5.10 * .511 * .0703 * 14.219 * 27.4
112 * 5,11 * .49 * .0671 * 14.895 * 28.6
112 * 5.18 * .483 * .0660 * 15.150 * 2?.0
112 * 5,21 * .535 * .0736 * 13.578 * 26.2
112 * 5.21 * .479 * .0656 * 15.250 * 29.2
112 * 5.22 * .407 * .0667 * 14.997 * 28.8
112 * 5.09 * .490 * .0675 * 14.023 * 28.6
112 * 5.09 * .482 • .0664 * 15.051 * 29.1
112 * 5.10 * .403 * .0662 * 15.101 * 29.0

95X CONFIDENCE INTERVALS

• LOW * MEAN * HIGH * DEVY*

5.100 *5.146 *5,185 * 1.5
.481 * .493 * .505 * 4.9

.066 * .060 * .069 * 5.2
14.423 *14.70 *15.15 * 4.9
'7.789 *28,45 029.11 * 4,6

F-I6



PROJECT NO. 05-5057-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLEND$

FUEL BLENDt SOX CAT I-H AL-10115-F SOX RJ5G AL-?159-F

FUEL &HP BSFC 98¥C SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF.

114 * 5.26 * .491 * .0609 * 16.433 * 20.2
114 * 5.27 * .405 * .0590 * 16.713 * 29.5
114 * 5.2? * .405 * .0590 * 16.713 * 20.5
114 * 5.27 * .404 * .0598 * 16.713 * 29.6
114 * 5.29 * .477 * .0507 * 1?.02B * 29.0
144 * 5.20 * .477 * .0587 * 17.020 * 29.0

95X CONFIDENCE IHTERVALS

* LOU * MEAN * FIGH * DEVX*
*********.**.*** **** ****

5.269 *5.278 *5.286 * .3
.479 * .403 * .407 * t.9
.059 * .060 * .060 * 2,2

16.586 *16.7? *16.96 * 2.2
28.369 *20.63 *20.09 * 1.9

PROJECT HO. 05-5057-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLEND: ?5X TETRALIN 24X AL-101i5-F iX ANYL NITRATE

FUEL BlP B5FC 88VC SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF.

115 * 5.23 * .406 * .0610 * 16,173 * 29.4
115 * 5.23 * .495 * .0618 * 16,173 * 29.5
115 * 5.23 * .404 * .0619 * 16,163 * 29.5
115 * 5.23 * .404 * .0619 * 16.163 * 29.5
115 * 5.23 * .484 * .0619 * 16,163 * 29.5
its * 5.22 * .405 * .0620 * 16.136 * 29.5

95X CONFIDENCE INTERVALS

* LOU * MEAN * HIGH * DEVX*

5.221 *5.225 *5.229 * .2
.404 * .404 * .485 * .2
.062 * .062 * .062 * .1

16,150 *16.16 016.17 * .1
29.459 *29.49 *29.52 * 2
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PROJECT NO. 05-585?-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLENDa ?2X JP-!O 25K NAPTHALEHE 3X AMYL NITRATE

FUEL BHP 9SFC asSC SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GAL/HP-HR HP-HR-'CAL EFF.

116 * 5.12 * .514 * ,0640 * 15.617 * 20.2 '

116 * 5.12 * .494 * .0620 * 16,129 * 29.4
116 * 5.12 * .528 * .0661 * 15.136 * 27.5
116 * 5.12 * .525 * .0661 * 15.136 * 27.6
116 * 5.12 * .528 * .0661 * 15.136 * 27.5
116 * 5.11 * .532 * .0671 * 14,894 * 27.3

95X CONFIDENCE INTERVALS

* LOW * MEAN * HIGH * DEVX*

5,115 *5.115 * 5.115 00* .
.509 * .520 * .532 * 4.4

.064 * .065 * .067 *4.71

14.972 *15.34 *15.71 4.0
27.292 *27.93 *28.57 * 4.6

PROJECT HO. 05-5957-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLENDt 63X FRF(<102) 37X RJSG AL-7159-F

FUEL amP BSFC BOyC SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF,

II. * 5.29 * .542 * .0681 * 14.674 * 27.0
11 * 5.29 * .537 * .0671 * 14.993 * 29.1
119 * 5.29 * .542 * .0681 * 14.674 * 27.6
119 * 5.26 * .539 * .0672 * 14.803 * 29.1
118 * 5.20 * .533 * .0672 * 14.983 * 29.4
1i. * 5.20 * .538 * .0672 * 14.093 * 28.1

95X CONFIDENCE INTERVALS

• LOW * MEAN * HIGH * DEVX*

5,207 -1.207 *5.207 * 0.0
.535 * .536 * .541 * 1,1
.067 * .060 * .069 * 1.2

14,726 *14.01 *14.90 * 1.2
27.899 *28.05 *20.21 * 1.1

F-!



PROJECT HO. 05-59S?-t30

CORRECTED PETTER ENGINE DA0A FOR FUEL BLENDS

FUEL BLEWGa SOX FRF(6102) 50X JP-10

FUEL amp BSFC esVC SPECIFIC THERMAL

NO. LB/HP-HR GAL/HP-HR HP-HRGAL EFF.

120 * 5.30 * .513 0 .0600 * 14.703 * 28.0
120 * 5.20 * .523 * .0600 * 14.703 * 29.2
120 * 5.30 * .513 * .0600 * 14.703 * 29.0
120 * 5.30 * .513 * .0600 * 14.703 * 20.0
120 * 5.30 * .513 * .0600 * 14.703 * 29.8

120 * 5.20 * .523 * .0600 * 14.703 * 20.2

95X CONFIDENCE INTERVALS

• LOU * MEAN * HIGH * DEYX* "

5.223 *5.266 05.309 * 1.6
.512 * .516 * .521 1 .6

.060 * .069 * .069 * .1
14.703 *14.73 *14.70 * 0.0
29.374 *29.61 *28.84 * 1.6

* PROJECT HO. 05-5957-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLENDt 95.6X FRF-A 14.49 HAPTHALENE

FUEL IMP BSFC BSVC SPECIFIC THERMAL

RANGE
NO. LB/HP-HR GAL/HP-HR HP-HRGCAL EFF.

123 * 5.15 * .560 * .0757 * 13.202 * 29.4
123 * 5.15 * .559 * .0747 * 13.390 * 29.5
123 * S.17 * .559 * .0755 * 13.249 * 20.5
123 * 5.15 * .554 * .0747 * 13.300 * 28.6
123 * 5.15 * .554 * .0747 * 13.300 * 20.6
123 * 5.15 * .560 * .0757 * 13,202 * 29.4

95k CONFIDENCE INTERVALS

• LOU * MEAN * HIGH * DEYX*

5.146 *5.152 *5.157 * .2.555 * .557 * .559 * .7

.075 * .075 * .076 * 1.113.225 *13.30 .13.37 * 1,1

28.407 *28.50 *28.60 * .7

F-9



PROJECT NO. 05-5957-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLEWD: JET-A AL-10112-F

FUEL SHP BSFC BSVC SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF.

200 * 5.21 * .465 * .0699 * 14.307 * 29.0
200 * 5.21 * 466 * .0699 * 14.307 * 28.9
200 * 5.21 * .46? * .0699 * 14.312 * 28.9
200 * 5.21 * 465 * .0689 * 14.520 * 29.0
200 * 5.21 * .464 * .0689 * 14.524 * 29.1
200 * 5.21 * .464 * .0689 * 14.524 * 29.1
200 * 5.17 * .467 * .0694 * 14.406 * 28.9
200 * 5.15 .468 * 0697 * 14.35? * 28.8
200 * 5.17 * .467 * .0694 * 14.406 * 28.9
200 * 5.15 * .468 * .0697 * 14.357 28.8
200 * 5.15 * .468 .0697 * 14.357 * 28.8
200 * 5.15 * .477 * .0717 * 13.953 * 29.2

95M, CONFIDENCE INTERVALS

* LOW * MEAN * HIGH * DEVY*

5.16? *5.193 *5.200 * .6
.465 * .467 * .469 * .9 "
.069 * .070 * .070 * 1.2

14.273 *14.36 *14.45 * 1.2
28.724 *28.85 *29.97 * .9

F-1O I
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PROJECT HO. 05-5057-I30

CORRECTED PETTER ENGINE DATA FOR FUEL BLEHND

FUEL BLEND, CAT I-H AL-Wl1tS-F

FUEL eIP 9SFC BSVC SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GALtNP-HR HP-HRGAL EFF.

100 * 5.30 0 .448 * .0634 * 15.779 * 30.4

100 * 5.30 * .452 * .0640 * 15.633 * 30.1

i00* 5.31 * .452 * .0639 * 15.65? 0 30.1 I

100 * 5.31 * .451 * .0639 * 15.657 * 30.2

100 * 5.31 * .4K2 * .0639 * 15.657 * 30.1

100 0 5.30 0 .450 * .063? * 15.706 * 30,3

100 0 5.22 * .469 * .0661 * 15.125 * 29.1

100 * 5.21 * .465 * .0657 * 1%.217 * 29.3

10o * 5.21 * .469 * .0662 * 15.102 * 29.1

100 * 5.21 * .470 * .0663 * 15.000 * 29.0

100 * 5.25 * .439 * .0620 * 16.134 * 31.1

100 * 5.22 * .477 * .0674 * 14.029 * 20.6

100 * 5.22 * .463 * .0654 * 15.293 * 29.4

100 * 5.22 * .455 * .0644 * 15,522 • 29.9

100 * 5.21 * .456 * .0645 * 15-499 0 29.9

100 * 5.24 * .450 * .0635 * 15.740 * 30.3

100 * 5.25 * .453 * .0640 * 15,609 * 30.1

100 * 5.22 * .477 * .0673 * 14.962 * 28,6

100 * 5.21 * .467 * 0659 * 15.179 * 29.2

100 * 5.25 * .462 * .0652 * 15.326 * 29.5

100 * 5.26 * .456 * .0645 * 1$.5t5 * 29.9

100 * 5.33 * .448 * .0633 * 15.796 * 30.4

100 0 5.32 * .440 * .0633 * 15.796 * 30.4

100 * 5.23 * .463 * .0654 * 15.291 * 29.5

100 * 5.23 * .459 * .064? * 15.446 * 29.7

100 * 5.25 * .462 * .0652 * 15.334 * 29.5

100 * 5.24 * .464 * 0655 * 15,264 * 29.4

tOO * 5.22 * .400 * .0670 * 14.750 * 28.4

tOo * 5.23 * .471 * .0666 * 15.015 * 29,9

100 * 5.20 * .472 * 0669 * 14.980 * 28.9

¶00 5.21 * .471 * .0667 * 15.002 * 20.9

100 • 5.17 * .475 * .0671 * 14.900 * 20,7

100 * 5.17 * .470 * .0665 * 15.035 * 29.0

100 * 5.13 * .460 * .0650 * 15.393 * 29.6

100 * 5.19 * .457 * .0645 * 15,499 * 29,.
100 * 5.21 .458 * .0647 * 15.451 * 29.9I0O * 5.23 * .457 * .0646 * 15.483 * 29.8

100 * 5.23 * .457 * .0645 * 15.507 * 29.8

100 * 5.1? * .469 * .0662 * 15,104 • 29.0

100 * 5.14 * .459 * .0648 * 15.431 * 24.7

100 * 5.17 * 46 * .0659 * 15.192 * 29.2

i00 * 5.19 * .457 * .0646 * 15,489 * 29.9

i0o * 5.12 * .475 * .0671 * 14.898 * 29.7

100 * 5.12 * .469 * .0662 * 15.105 * 29.1

100 * 5.10 * .469 * .0661 * 15.119 * 29.1

100 * 5.11 * .466 * .0659 * 15.166 * 29.2

100 * 5.12 * .475 * .0671 * 14.098 * 28.7

100 * 5.12 * .469 * .0662 * 15.105 * 29.1

100 * 5.10 * .469 * .0661 * 15.119 * 29.1

G-4
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100 * 5.11 * .466 * .0459 * IS.66 29.2

9SX CONFIDENCE INTERYaLs

• LOW * 19EAH N HIGH 0 DEVX*

5.194 *5.211 05.220 * .7
.460 0 .462 * .465 0 1.1
.045 0 .05 o .&04, 1.1

15.229 *15.32 *IS.40 . 1.1
29.326 029.49 *29.64 * 1.1

PROJECT NO. 05-5O57-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLENDt 04X AL-tOIlS-F 19X DEIOHIZED 420 6X E0?7

FUEL BHP 8SFC 9VC SIRPECIFIC THERMAL
RANGE

NO. L9i1NP-1 GAL.'iP-NA NP-NReGA EFF.

10a * 5.19 * .534 * .0732 * 13,665 * 29.9
102 0 5.19 * .540 * .071 * 13.321 * 29.1
102 * 5,23 * .551 * .0756 * 13,233 w 20.9

95X CONFIDENCE INTERVALS

*LOW MEAN 10IGH" DEVX*

S.i?9 •5,26 *5.233 * 1.0
.534 * .544 * .554 • 3.6
.073 * .075 * .076 * 3.9

13.143 *13.41 *03.6? * 3.9
26.739 *29.31 *29.07 * 3.9

PROJECT NO. 05-5957-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL PLENOt 97X TETRALIN AL-9762-A 3X ANYL NITRATE

FUEL BHP SSFC BsVC SPECIFIC THERMAL
RANGENO, LB/HP-HR GAL/HP-HR HP-HRNGAL EFF.

I1? * 5.26 * .494 * .0600 * 16.446 * 29.7
117 * 5.26 * .492 * .0605 * 16.527 * 29.0
II7 * 5.26 * .497 * .0599 * 16.692 * 30.1
117 0 5.25 * .496 * .0610 * 16.392 * 29.6
II? * 5.24 * .497 * .0611 * 16.365 * 29.5
117 * 5.26 * .491 * .0604 * 16.554 * 29.9

95X CONFIDENCE INTERVALS

• LOU * MEAN * HIGH * DEYX*

5,244 .5.250 .5.257 * .3
.469 9 .492 * .495 * 1.2

.060 * .061 * .061 * 1.2
16.397 *16.50 *16.59 * 1.2
29.569 *29.75 *29.93 * 1.2

G-5



PPOJECT NO. 05-5957-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLEND: 79X~ DF-2 6%. EA-79 SX RJ-5 10X WATER

FUEL GHP BSFC BSVC SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF,

144 * 5.26 * .543 * .0732 * 13.670 * 29.0

144 * S523 * .547 * .0736 * 13.578 * 28.8

144 * 5.25 * .542 * '0730 * 13.709 * 29.1

144 * 5.24 * .541 * 0729 * 13,726 * 29.1

95X CONFIDENCE INTERVALS
* ** ** * *** *** **** ** ****** ** *

* LOW * MEAN * HIGH * DEVX*

5.234 *5.24? *5.260 * .5
.540 * .543 * .546 * 1.0

.073 * .073 * .974 * 1.0

13.605 *13.67 .13.74 * 1.0

28.861 *29.00 .29.14 * 1.0

PROJECT NO. 05-5957-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLENOt $6.5X CAT-iN 3.5% EA-6 5X RJ5 5X (DI)H20

FUEL SHP 8SFC 8SVC SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF.

149 * 5.24 * .471 * .0643 * 15.554 * 31.1

149 * 5.24 * .466 * .0635 * 15,749 * 31.5

149 * 5.23 * .466 * .0636 * 15.724 * 31.5

149 * 5.24 * .466 * .0635 * 15,749 * 31.5

149 * 5.24 * .464 * .0633 * 15.799 * 31.7

149 * 5.24 * .465 * .0634 * 15.774 * 31.6

95% CONFIDENCE INTERVALS

* LOU * MEAN * HIGH * DEVX*

5.231 *5.235 .5.240 * .2

.464 * .466 * .468 * 1.0

.063 * .064 * .064 * .9
15,653 -15.72 -15.90 * ,9

31,334 .31.49 *31.64 * 1,0

G-6
.1_ cI _



~!

PROJECT HO. 05-595?-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLENDt SIX DF-2 3.5X EA-?8 10X RJ-5 SX UATER

FUEL BHP BSFC BSVC SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF.

150 * 5.20 * .506 * .0690 * 14.702 * 29.0
150 * 5.20 * .507 * .0682 * 14.650 * 29.0
150 * 5.19 * .508 * .0683 * 14.637 * 28.9

95X CONFIDENCE INTERVALS

• LOY * MEAN * HIGH * DEVX*

5.196 *5.192 *5.199 * .2
.506 * .507 * .509 * .4
.060 * .060 * .060 * .5

14.627 *14,67 *14.70 * .5
29.919 *28,98 *29.05 * .4

PROJECT HO. 05-5957-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLEND: 04X AL-10115-F 6X EA-7O 5X RJ-5 5X H20(DI)

FUEL BHP BSFC BSVC SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GAL/NP-HR HP-WR/GAL EFF.

156 * 5.31 * .409 * .0670 * 14.931 * 30.4
156 * 5.30 * .469 * .0660 * 14.975 * 30.5
156 * 5,32 * .405 * .0664 * 15.064 * 30.7
156 * 5.31 * .406 * .0666 * 15.019 * 30.6
156 * 5.31 * .486 * .0666 * 15.019 * 30.6
156 * 5.30 * .497 * .0667 * 14.997 * 30.5

95X CONFIDENCE INTERVALS

• LOW * MEAN * HIGH * DEV¥*

5,306 *5,311 *5,317 * .2
.406 * .40? * .489 * .5
.067 * .067 * .067 * .5

14.964 *15.00 -15.04 * .5
30.472 *30.55 *30.62 * .5

G-7



PROJECT NO. 05-5057-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLEND: S00 JP-1O 20X HAPTRALENE

FUEL BNP BSFC BSVC SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF.
******************************************************.*** ***

164 * 5.20 * .495 * .0610 * 16.3)0 * 29.4
164 * 5.21 * .482 * .0607 * 16.471 * 29.6
164 * 3.19 * .482 * .0607 * 16.471 * 29.6
164 * 3.19 * .48' * .0607 * 16.471 * 29.6
164 * 5.17 * .470 * .0602 * 16.609 * 29.9
164 * 5.16 * .496 * .0624 * 16.020 * 28.8

95X CONFIDENCE INTERVALS

* LOU * MEAN * HIGH * DEV%*

5.175 *5.190 *5.205 * .6
.480 * .404 * .489 * 2.0
.060 * .061 * .062 * 2.0

16.241 *16,41 *16,57 * 2.0
29.200 *29.49 *29.78 * 1.9

PROJECT NO. 05-5957-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLEND: SOX #5 BURNER OIL 20X JP-10

FUEL BHP BSFC BsyC SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF.

167 * 5,16 * .503 * .0654 * 15.206 * 29.4
167 * 5.23 * .500 * .0650 * 15,3e0 * 28.5
f67 * 5.23 * .499 * .0649 * 15,403 * 20,6
167 * 5.20 * .498 * .0647 * 15,451 * 28.6
167 * 5.21 * .497 * .0646 * 15.475 * 28.7
167 * 5.19 .497 * .0646 * 15,475 * 29,7

95X CONFIDENCE INTERVALS

* LOU * MEAN * HIGH * DEVX*

5,186 *5.208 *5.229 * .,
497 * .499 * .500 * .7

,065 * .065 * .065 * .0
15,352 *15,41 *15.47 * .,
28,402 *20.59 *28.69 * ,7

G-fs
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PROJECT NO. 05-5957-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLEND: 90X #S BURNER OIL 10X CAT-IN

FUEL BHP SFC aSYC SPECIFIC THERMAL
RANGE

NO. LB/HP-H. GAL/HP-HR HP-HR/GAL EFF.

168 * 5.17 * .495 * .0645 * 15.515 * 28.4
168 * 5,18 * .491 * .0638 * 15.662 * 28.?
169 * 5.18 * .488 * .0635 * 15.736 * 28.9
160 * 5.19 * .486 .0634 * 15.761 * 28.9
168 * 5.18 * .492 * .0641 * 15.613 * 28.6
168 * 5.17 * .48? * .0634 * 15,761 * 28.9

95X CONFIDENCE INTERVALS

* LOU * MEAN * HIGH * DEV%*

5,172 *5.176 *5.180 * .2
,498 * .490 * .493 * 1.0
.063 * .064 * .064 * 1.0

15.595 *15.67 *15.75 * 1.0
28.584 *28.73 *28.88 * 1.0

PROJECT NO. 05-5857-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLENDi 799 *6 BURNER OIL 20X JP-iO 1% AMYL NITRATE

FUEL BHP BSFC BSVC SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF.

169 * 5.23 * .504 * .0623 * 16,047 * 29.0
169 * 5.24 * .507 * .0627 * 15.945 * 28.9
169 * 5.23 * .504 * .0623 * 16.047 * 29.0
169 * 5.23 * 504 * .0622 * 16,073 * 29.0
169 * 5.23 * .502 * .0621 * 16098 * 29,1
169 * b.23 * .504 * .0622 * 16.073 * 29.0

95% CONFIDENCE INTERVALS

* LOU * MEAN * HIGH * DEV%*

S5,225 *5.227 *5.229 * .1
.502 * .504 * .505 * .5
.062 * .062 * .062 * .5

16.004 *16.05 0t6.09 * ,5
28.929 *29.00 *29,08 * .5
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PROJECT NO. 05-5857-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLEND: e9X *6 BURNER OIL lOX CAT-IH IX AMYL NITRATE

FUEL BHP BSFC BSVC SPECIFIC THERMAL
RANGE

HO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF.

170 * 5.23 * .494 * .0615 * 16.260 * 29.3
170 * 5.24 * .497 * .0618 * 16.190 * 29.1
170 * 5.23 * .502 * .0624 * 16.035 * 28.8
170 * 5.25 * .497 * .061e * 16.190 * 29.1
170 * 5.24 * .498 * .0619 * 16.164 * 29.1
170 * 5.22 * .501 * .0624 * 16.035 * 28.9

95X CONFIDENCE INTERVALS

* LOW * MEAN * HIGH * DEVX*

5.225 *5.233 *5.241 * .3
.496 * .499 * .501 *1.0
.062 * .062 * .062 * .9

16.071 *16.15 *16.22 * .9
28.914 *29.05 *29.19 * 1.0

PROJECT HO. 05-5957-i30

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLENDt G00 TETRALEN 19X CAT-IH IX AMYL NITRATE

FUEL BHP BSFC BSVC SPECIFIC THERMALRANGE
NO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF.*9** * ** * ** ***** ** * *** * * * ** * ** ***** * *** * **S* * ** * *0* S*** * *** **
175 * 5.21 * .498 * .0629 * 15.895 * 28.8
175 * 5.22 * .500 * .0631 * 16.045 * 28.7
175 * 5.23 * .501 * .0633 * 15.794 * 28.7
175 * 5.21 * .501 * .0632 * 15,019 * 29.7
175 * 5.20 * .488 * .0616 * 16.230 * 29.4
178 * 5.21 * 408 * .0616 * 16.230 * 29.4

95X CONFIDENCE INTERVALS

* LOU * MEAN * HIGH * DEVX*

5.204 *5.212 *5.220 * .3
.491 * .496 * .501 * 2.1
.062 * .063 * .063 * 2.1

15.802 *15.97 *16.14 * 2.1
29.654 *28.96 *29.26 * 2,1

G-10
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PROJECT HO. 05-5957-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL BLENDa 15X NAPHTHALENE 059 CAT-IH

FUEL aHP BSFC BSVC SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF.

176 * 5.17 * .479 * .0656 * 15.243 * 28.0 i
176 * 5.18 * .476 * ,0652 * 15,338 * 29.9
176 * 5.17 * .473 * .0648 * 15.433 * 29.1
1?6 * 5.1? * .475 * .0651 * 15,362 * 29.0
176 * 5.18 * .474 * .0650 * 15.396 * 29.1
176 * 5.17 * .475 * .0650 * 15.385 * 29.0

95X CONFIDENCE INTERVALS

* LOU * MEAN * HIGH * DEV%*

5.172 *5.175 *5.179 * .1
,474 * .476 * .477 *.
.065 * .065 * .065 * .7

15.305 *15.36 *15.41 * .7
29.871 *29.99 *29.09 * .7

PROJECT NO. 05-5057-130

CORRECTED PETTER ENGINE DATA FOR FUEL BLENDS

FUEL OLEND: RJ-6M

FUEL amP BSFC BSYC SPECIFIC THERMAL
RANGE

NO. LB/HP-HR GAL/HP-HR HP-HR/GAL EFF.

102 * 5.11 * .400 * .0504 * 17.111 * 29.0
182 * 5.15 * ,485 * ,0581 * 17,203 * 29.2
102 * 5.13 * .407 * .0503 * 17,141 * 29,1
192 * 5,14 * .486 * .0592 1 7.171 * 29,1
192 * 5.15 * .4$7 * .0593 * 17,143 * 29,0

95X CONFIDENCE IHTERYALS

LOW * MEAN * HIGH * DEYX*

5.120 *5.134 -5.149 * .6
.486 * .48? * .480 * .4
.058 * .050 * .058 . .4

17.123 *17.15 *17.19 * .4
29.016 029,08 *29,14 * .4

G-11



APPENDIX H

E0. I CAl" SACK (RAVEN 1170)

'MO. 2 CABON BLUM (SL-90)

U0. 3 CAW BLA"CK (NDGUL L)

I

1

u-i
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APPEN4DIX H

properties of RAvon 1170()

(Cities Service Co.)

160

Blackness Tndes %60
24

particle Diasete, 2

(arithmetric mean)

Surface Area, q. meters per gras 102

(by nitrogsen adsorption (3..T.)

Absorption, 0Oil (Venuto Method) 7.2

yluid Paste, cc/gram 86.
lal./100 

8b

Absorption, oil .89Stiff Paste Endpoilt, cSs 8.3 
,

gal./1
0 0 lb

Absorption, BD?, cc t 00 grams 58

Tinting Strength Index 102
6.0

Adsorption Indelt 7.0

PH 99.0

rixed Carbon* 6 %1.0

Volatile matter,

jApparent Density, lbs/cu-ft. 17

povder 30

sedBtlb 
13,875

t R(b) 0.5
ksh,(b) wt%

S

(a) As supplied by manufacturer 
INS

(b) V determined at A L. 

.
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APPENDIX II

No. 2

PROPERTIES (a) OF SL-90 CARON BLACK -

(AsnLAD CHEMICAL CO.)

Heat loss (D 1 5 0 9 -7 5 (b), % 0.3

U.S. #35 Sieve Residue (D 1514-74),% Nil I

U.S. #325 Sieve Residue (D 1514-74,Z 0.0111 1
Ash (D 1506-75),% 

0.39

Toluene Discoloration (D 1618)-75) ZT 93

Iodine Adsorption (D 1510-76),ngtgu 24.8

DBP Absorption (D 2414-76), cc/lO0g 57.5

Tint (D 3265-80),% 42.8 .

Pour Density (D 1513-74),lbs/cu.ft. 32.3

51 Fines (D 1508-74),% 
6.4

20' Fines (D 1508-74),% 8.2

Pellet Hardness (D 3313-74), grams

High 33

Avg 22

Low 4

Tint (D 3265-76) 
39.0

(a) As supplied by manufacturer

(b) D Numbers in parentheses are ASTh Test Methods

H-4t
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APPENDIX H

NO. 3

PROPRRTIES(a) OF MOGUL CARBON BLACK

(CABOT CORPORATION)

Nigrometer Index 83

Surface Area (N.S.A.), sg. meters per gram 138

Particle Size, milli microns 24

Oil Absorption (DBS), cc/100 grams

Fluffy 60

Pellets 55

Tinting Strength Index 112

Volatile Content, 2 5.0

Fixed Carbon, Z 95.0

PH 3.4

Toulene extract, % 0.10

Electrical Resistivity (dry) H

Density, lbs/cu.ft.

Fluffy 15

Pellets 33

Net Hc(b), Btu/lb 13,240

(a) As supplied by amnufacturer

(b) Experimentally determined at AFLRL

H-5



DZPARDIKT OF DgErlgI COR
U.S. ARMY MOBILITY EQUIPMENT

DEFENSE DOCUMENTATION CTR R&D COMMIAND

CAMERON STATION 12 Attu: DRDHE-GL 10

ALEXANDRIA VA 22314 FORT BELVOIR VA 22060

DEPT OF DEFENSE CDR

ATTN: DASD(MRAL)-LMQ4R DYCKKAN) I US ARMY MATERIEL DEVEAR.EADINRSS

WASHINGTON DC 20301 COMIAND
ATTN: DRCLD (MR BENDER) 1

COMMANDER DRCDMR (MR GRZNER) 1

DEFENSE LOGISTICS AGY DRCDMD-ST (DR HALEY) 1

ATTN DLA-SHE (MRS P ,CLAIN) I DRCQA-E 1

CAMERON STATION DRCDE-SS I
ALEXANDRIA VA 22314 DRCIS- . (LTC CROW) I

5001 EISENHOWER AVE

COMMANDER ALEXANDRIA VA 22333

DEFENSE FUEL SUPPLY CTR
ATTN: DFSC-T (MR. MARTIN) CDR
CAMERON STA US ARMY TANK-AUTOMOTIVE CMD

ALEXANDRIA VA 22314 ATTN DRSTA-NW (TIVMO) 1
DRSTA-RG (MR HAMPARIAN) I

COMM(ANDER. DRSTA-NS (DR PILT[RICR) t

DEFENSE GENERAL SUPPLY CTR DRSTA-G 1

ATTN: DGSC-SSA DRSTA-M I

RICHMOND VA 23297 DRSTA-GBP (MR MCCARTMY) I
WARREN MI 48090

4 DOD
OFC OF SEC OF DEF DIRECTOR
ATTN USD (R&E) US ARMY MATERIEL SYSTEMS

4 WASHINGTON, DC 20301 ANALYSIS AGENCY
ATTN DRXSY-CM 1

DOD DRXSY-S I

ATTN OASD (MRA&L)-TD DRXSY-L 1

PENTAGON, 3C841 ABERDEEN PROVING GROUND Mi 21005
WASHINGTON DC: 20301 DIRECTOR

DEFENSE ADVANCED RES PROJ AGENCY APPLIED TECHNOLOGY LAB

DEFENSE SCIENCES OFC L U.S. ARMY R&T LAB (AVRADCOM)

1400 WILSON BLVD ATTN DAVDL-ATL-ATP (MR MORROW) I
ARLINGTON VA 22209 DAVDL-ATL-ASV (MR CARPER) 1

FORT EUSTIS VA 23604

DEPARTMENT OF TOE ARMY
HQ, 172D INFANTRY BRIGADE (ALASKA)

HQ, DEPT OF ARMY ATTN AFZT-DI-L 1
ATTN: DALO-TSE (COL ARNAUD) I APZT-DI-M 1

DALO-AV 1 DIRECTORATE OF INDUSTRIAL

DALO-SMZ-E 1 OPERATIONS

DAMA-CSS-P (DR BRYANT) 1 FT RICHARDSON AK 99505
DAMA-ARZ (DR CHURCH) I

DAMA-SMZ 1
WASHINGTON DC 20310

12/81
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CDR MICHIGAN ARMY MISSILE PLANT
US ARMY GENERAL MATERIAL & OPC OF PROJ MGR, ABRAMS TANK SYS

FETROLIUK ACTIVITY ATTN DRCPM-GCM-S
ATTN STSGP-F (MR SPRIGGS) 1 WARREN MI 48090

STSCP-PE (MR MCKNIGHT),
BLDG 85-3 1 MICHIGAN ARMY MISSILE PLANT

STSGP (COL CLIFTON) I PROG MGR, FIGHTING VEHICLE SYS
NEW CUMBERLAND ARMY DEPOT ATTN DRCPN-FVS-SE I
NEW CUMBERLAND PA 17070 WARREN MI 48090

CDR PROJ MGR, M60 TANK DEVELOPMENT
US ARMY MATERIEL ARMAMEMT USMC-LNO, MAJ. VARELLA 1

READINESS CHD US ARMY TANK-AUTOMOTIVE CMI (TACOM)
ATTN DRSAR-LEM (MR MENKE) WARREN MI 48090
ROCK ISLAND ARSENAL IL 61299

PROC MGR, M113/MI13A1 FAMILY
CDR OF VEHICLES
US ARMY COLD REGION TEST CENTER ATTN DRCPM-MI13 I
ATTN STECR-TA I WARREN MI 48090
APO SEATTLE 98733

PROJ MGR, MOBILE ELECTRIC POWER
HQ, DEPT. OF ARMY ATTN DRCPM-MEP-T 1I
ATTN: DAEN-RDZ-B 1 7500 BACKLICK ROAD
WASHINGTON. DC 20310 SPRINGFIELD VA 22150

CDR OFC OF PROJ MGR, IMPROVED TOW
US ARMY RES 6 STDZN GROUP VEHICLE J

(EUROPE) US ARMY TANK-AUTOMOTIVE R&D Clf
ATTN DRXSN-UK-RA 1 ATTN DRCPM-ITV-T
BOX 65 WARREN MI 48090
FPO NEW YORK 09510

CDR
HQ, US ARMY AVIATION R&D CMD US ARMY EUROPE & SEVENTH ARMY
ATTN DRDAV-GT (HR R LEWIS) 1 ATTN AEAGC-FMD

DRDAV-D (MR CRAWFORD) I APO NY 09403
DRDAV-N (MR BORGMAN) I
DRDAV-E (MR LONG) I PROJ MGR, PATRIOT PROJ OFC

4300 GOODFELLOW BLVD ATTN DRCPM-MD-T-G I
ST LOUIS MO 63120 US ARMY DARCOM

REDSTONE ARSENAL AL 35809
CDR
US ARMY FORCES COMMAND CDR
ATTN AFLC-REG 1 THEATER ARMY MATERIAL GMQT

AFLG-POP 1 CENTER (200TH)
FORT MCPHERSON GA 30330 DIRECTORATE FOR PETROL MGMT

ATTN AEAGD-MM-PT-Q (MR PINZOLA) I
CDR ZWEIBRUCKEN
US ARMY ABERDEEN PROVING GROUND APO NY 09052
ATTN: STEAP-MT-U (MR DEAVER) I
ABERDEEN PROVING GROUND MD 21005 CDR

US ARMY RESEARCH OFC
CDR ATTN DRXRO-ZC I
US ARMY YUMA PROVING GROUND DIXRO-EG (DR SINGLETON) 1
ATTN STEYP-MT (MR DOEBBLER) 1 DRXRO-CB (DR GHIRARDELLI) 1
YUMA AZ 85364 P 0 BOX 12211

RSCH TRIANGLE PARK NC 27709
12/81
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DIR HQ, US ARMYf T&I =WIOANDUS ARY lAT LAB (AV'ADCOM) ATrN DRSTZI-TO-O 1ATTN DAVDL-AS (MR D IILSTID) ABIEPDEEN PROVING GROUND, MD 21005
NASA/AwlS RSCH CTR
NAIL STP 207-5 HQ, US ARMY ARMAMENT R&D CMI)NOFFIT FIELD CA 94035 ATTN DRDAR-LC .

DR.IR-SC 1CDR DRflAR-AC ITOBYRANNA ARMY DEPOT DRDAR-QA 1AITT SDSTO-TP-S I DOVER NJ 07801
TOBYRIANNA PA 18466

HQ, US ARMY TROOP SUPPORT &DIR AVIATION MATERIAL READINESS
AS ARMY MATERIALS T RMECHANICS COMANDRSCH CTR ATTN DISTS-MNC (2) 1ATTN DRXMR-SK 1 DRCPO-PDE (LTC FOSTER) 1DRJMO-R 1 4300 GOODPELLOW BLVD

DRXDR-T I ST LOUIS WD 63120
WATERTOWN MA 02172

DEPARTMENT OF THE ARMYCDR CONSTRUCTION ENG RSCH LABUS ARMY DEPOT SYSTEMS CMD ATTN CERL-EM IATTN DRSDS CERL-ZT 1
CHAMBERSBURG PA 17201 CERL-EH 1

P 0 BOX 4005
CDR CHAMPAIGN IL 61820
US ARMY WATERVLIET ARSENAL
I TN SARWY-RDD DIRWATERVLIEf NY 12189 US ARMY ARMAMENT R&D CMDBALLISTIC RESEARCH LAB
CDR ATTN DRDAR-BLV1
US ARMY LEA DRDAR-BLP 1ATTN DALO-LEP ABERDEEN PROVING GROUND, MD 21005
NEW CUMBERLAND ARMY DEPOT
NEW CUMBERLAND PA 17070 HQ

US ARMY TRAINING & DOCTRINE CMD
CDR ATTN ATDO-5 (COL MILLS) IUS ARMY GENERAL MATERIAL & FORT MONROE VA 23651PETROLEUM ACTIVITY
ATTN STSGP-PW (MR PRICE) I DIRECTOR
SHARPE ARMY DEPOT US ARMY RSCH & TECH LAB (AVRADCON)LATHROP CA 95330 PROPULSION LABORATORY

ATTN DAVDL-PL-D (MR ACURIO) ICr, 21000 BROOKPARK ROAD
U f 1 Y FL, SCIENCE & TECH CLEVELAND OH 44135

ATI" .,:T rT' ICDR
FED- 1-;j- US ARMY NATICK RES & DEV CMDCRAý P1T.,s 22901 ATTN DRDNA-YEP (DIR KAPLAN) ICDR NATICK MA 01760
CDR
DARCOM MATERIEL READINESS CDRSUPPORT ACTIVITY (MRSA) US ARMY TRANSPORTATION SCHOOL
ATTN DRiD(-MD ATTN ATSP-CD-MS I
LEXINGTON KY 40511 FORT EUSTIS VA 23604

12/81
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1 1

CDR MAJOR L E GUNNIN, SSTR 1
US ARMY QUARTERMASTER SCHOOL US ARMY LOGISTIC ASSISTANCE OFFICE
ATTN ATSM-CD (COL VOLPE) 1 LAO-K (TSARCOM)

ATSM-CDI 1 APO SAN FRANCISCO 96202
ATSM-TNG-PT 1

FORT LEE VA 23801 CRD
US ARMY AVIATION CTR

RQ, US ARMY ARMOR CENTER ATTN ATZQ-D 1
ATTN ATZK-CD-SB 1 PORT RUCKER AL 36362
FORT KNOX KY 40121

PROJ MOR M60 TANK DEVELOP.
CDR ATTN DRCPM-M60-E (HR WESAK) 1
US ARMY LOGISTICS CTR WARREN MI 48090
ATTN ATCL-MS (HR A MARSHALL) I
FORT LEE VA 23801 CDR

US ARMY INFANTRY BOARD
CDR ATTN ATZB-IB-PR-T 1
US ARMY FIELD ARTILLERY SCHOOL FORT BENNING, GA 31905
ATTN ATSF-CD
FORT SILL OK 73503 CDR

US ARMY FIELD ARTILLERY BOARD
CDR ATTN ATZR-BDPR
US ARMY ORDNANCE CTR & SCHOOL. FORT SILL OK 73503
ATTN ATSL-CTD-MS
ABERDEEN PROVING GROUND MD) 21005 CDR

US ARMY ARMOR & ENGINEER BOARD
CDR ATTN ATZK-AE-PD 1
US ARMY ENGINEER SCHOOL ATZK-AE-CV I
ATTN ATSE-CDM 1 FORT KNOX, KY 40121
FORT BELVOIR VA 22060

CDR
CDR US ARMY CHEMICAL SCHOOL
US ARMY INFANTRY SCHOOL ATTN ATZN-CM-CS 1
ATTN ATSH-CD-MS-M 1 FORT MCCLELLAN, AL 36205
FORT BENNING GA 31905

DZPARTHENT OF THE NAVY
CDR
US ARMY AVIATION BOARD CDR
ATTN ATZQ-OT-C 1 NAVAL AIR PROPULSION CENTER

ATZQ.-OT-A 1 ATTN PE-71 (MR WACNER) 1
FORT RUCKER AL 36362 PE-72 (MR D'ORAZIO) 1

P 0 BOX 7176
CDR TRENTON NJ 06828
US AWY MISSILE CD
ATTN DRSHI-O I CDR

DRSMI-RK I NAVAL SEA SYSTEMS CMD
DRSMI-D I CODE 05D4 (MR R LAYNE)

REDSTONE ARSENAL, AL 35809 WASHINGTON DC 20362

CHIEF CDR
US ARMY LOGISTIC ASSISTANCE DAVID TAYLOR NAVAL SHIP R&D CTR

OFFICE (TSARCOM) CODE 2830 (MR G BOSMAJIAN) I
ATTN STSFS-OE CODE 2831 1

(LTC BRYANDS, SSTR) I ANNAPOLIS MD 21402
"P.O. BOX 2221
APO NY 09403

12/81
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p. -"

JOINT OIL ANALYSIS PROGRAM - CDR

TECUNTCAL SUPPORT CTR 1 NAVY PETROLEUM OFC

BLDG 780 ATTN CODE 40

NAVAL AIR STATION CAMERON STATION

PENSACOLA FL 32508 ALEXANDRIA VA 22314

DEPARMTNT OF THE NAVY CDR

"Q. US MARINE CORPS MARINE CORPS LOGISTICS SUPPORT

V ATTN LPP (hAJ SANDBERG) I BASE ATLANTIC

LM (MAJ STROCK) 1 ATTN CODE P841

WASHINGTON DC 20380 ALBANY GA 31704

CDR DFARTMIZKT OF TEN AIR FORCE

NAVAL AIR SYSTEMS CHD

ATTN CODE 5304C1 (MR WEINBURG) 1 HQ, USAF

CODE 53645 (MR MEARNS) I ATTN LEYSF (MAJ LENZ) I

WASHINGTON DC 20361 WASHINGTON DC 20330

CDR HQ AIR FORCE SYSTM4 CM

NAVAL AIR DEVELOPMENT CTR ATTN APSC/DLP (LTC RADLOF)

"ATTN CODE 60612 (MR L STALLINGS) I ANDREWS APB MD 20334

WARMINSTER PA 18974
CDR

CDR US AIR FORCE WRIGHT AERONAUTICAL

NAVAL RESEARCH LABORATORY LAB
ATTN CODE 6170 (MR H RAVNER) I ATTN AFWAL/POSF (MR CHURCHILL) I

CODE 6180 1 AFWAL/POSL (MR JONES)

CODE 6110 (DR HARVEY) 1 AFWAL/KLSE (MR MORRIS)

WASHINGTON DC 20375 AFWAL-MLBT
WRIGHT-PATTERSON AFB OH 45433

CDR
NAVAL FACILITIES ENGR CTR CDR

ATTN CODE 1202B (MR R BURRIS) 1 USAF SAN ANTONIO AIR LOGISTICS

CODE 120B (MR BUSCHELMAN) 1 CTR

200 STOVALL ST ATTN SAALC/SFQ (MR MAKRIS) I

ALEXANDRIA VA 22322 SAALC]MMPRR
KELLY AIR FORCE BASE, TX 78241

CHIEF OF NAVAL RESEARCH
ATTN CODE 473 1 CDR

ARLINGTVON VA 22217 USAF WARNER ROBINS AIR LOGISTIC
CTR

NAVAL AIR MNR CENTER ROBINS AFB GA 31098

ATTN CODE 927271
LAKEHURST NJ 08733

CDR, NAVAL MATERIAL COMMAND
ATTN MAT-083 (DR A ROBERTS) I

MAT-O8E (mR ZIEM) I
CP6, RH 606
WASHINGTONI DC 20360

12/81
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OTHER GOVERNMENT AGENCIES US DEPARTMENT OF ENERGY
BARTLESVILLE ENERGY RSCH CTR

US DEPARTMENT OF TRANSPORTATION DIV OF PROCESSING & THERMO RES I
ATTN AIRCRAFT DESIGN CRITERIA DIV OF UTILIZATION RES I

BRANCH 2 BOX 1398
FEDERAL AVIATION ADMItN BARTLESVILLE OK 74003
2100 2ND ST SW
WASHINGTON DC 20590 SCI & TECH INFO FACILITY

ATTN NASA REP (SAK/DL) 1
US DEPARTMENT OP ENERGY P a BOX 8757
DIV OF TRANS ENERGY CONSERV 2 BALTIMORE/WASH INT AIRPORT MD 21240
ALTERNATIVE FUELS UTILIZATION

BRANCH
20 MASSACHUbETTS AVENUE
WASHINGTON D( 20545

DIRECTOR
NATL MAINTENANCE TECH SUPPORT

CTR 2
US POSTAL SERVICE
NORMAN OK 73069 4
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